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The NJOY Nuclear Data Processing System,
Version 91

by

R. E. MacFarlane and D. W. Muir

ABSTRACT

The NJOY nuclear data processing system is a comprehensive com-
puter code package for producing pointwise and multigroup cross sec-
tions and related quantities from evaluated nuclear data in the ENDF
format, including the latest US library, ENDF/B-VI. The NJOY code
can work with neutrons, photons, and charged particles, and it can
produce libraries for a wide variety of particle transport and reactor
analysis codes.

I. INTRODUCTION

The NJOY nuclear data processing systeml' 2

is a comprehensive computer
code package for producing pointwise and multigroup nuclear cross sections and
related quantities from evaluated nuclear data in the ENDF format. The U.S.
Evaluated Nuclear Data Files (ENDF) have progressed through a number of ver-
sions, notably ENDF/B-III, ENDF/B-1V, and ENDF/B-V.3 The latest version,
ENDF/B-VI,4 has recently become available. The ENDF format is also being
used in other modern libraries such as the JEF-I and JEF-II libraries produced
in Europe. These libraries represent the underlying nuclear data from a physics
viewpoint, but practical calculations usually require special libraries for particle
transport codes or reactor core physics codes. This is the mission of NJOY—to
take the basic data from the nuclear data library and convert it into the forms
needed for applications.

A. The Modules of NJOY

The NJOY code consists of a set of modules, each performing a well-defined

processing task. Each of these modules is essentially a separate computer program.
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They are linked to one another by input and output files and a few common

constants.

NJOY directs the flow of data through the other modules and contains a library
of common functions and subroutines used by the other modules.

RECONR reconstructs pointwise (energy-dependent) cross sections from ENDF
resonance parameters and interpolation schemes.

BROADR Doppler-broadens and thins pointwise cross sections.

UNRESR computes effective self-shielded pointwise cross sections in the unre-
solved energy range.

HEATR generates pointwise heat production cross sections (KERMA factors)
and radiation-damage-production cross sections.

THERMR produces cross sections and energy-to-energy matrices for free or
bound scatterers in the thermal energy range.

GROUPR generates self-shielded multigroup cross sections, group-to-group scat-
tering matrices, photon production matrices, and charged-particle cross sec-
tions from pointwise input.

GAMINR calculates multigroup photoatomic cross sections, KERMA factors,
and group-to-group photon scattering matrices.

ERRORR computes multigroup covariance matrices from ENDF uncertainties.

COVR reads the output of ERRORR, and performs covariance plotting and out-
put formatting operations.

MODER converts ENDF “tapes” back and forth between formatted (that is,
ASCII, EBCDIC, etc.) and blocked binary modes.

DTFR formats multigroup data for transport codes that accept formats based
on the DTF-1IV code.

CCCCR formats multigroup data for the CCCC standard interface files ISOTXS,
BRKOXS, and DLAYXS.

MATXSR formats multigroup data for the newer MATXS material cross-section
interface file, which works with the TRANSX code to make libraries for many
particle transport codes.

RESXSR prepares pointwise cross sections in a CCCC-like form for thermal flux
calculators.

ACER prepares libraries in ACE format for the Los Alamos continuous-energy
Monte Carlo code MCNP.

POWR. prepares libraries for the EPRI-CELL and EPRI-CPM codes.

WIMSR. prepares libraries for the thermal reactor assembly codes WIMS-D and
WIMS-E.

PLOTR makes plots of cross sections and perspective views of distributions for
both pointwise and multigroup data.
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MIXR is used to combine cross sections into elements or other mixtures, mainly
for plotting.

PURR is used to prepare unresolved-region probability tables for the MCNP
continuous-energy Monte Carlo code.

The methods used in these modules and instructions on how to use them are
given in subsequent chapters of this report. For convenience in making updates,
each of these chapters is numbered separately and contains its own references. The
chapters on the modules are followed by three appendices, which give information
on the group structures, weight functions, and test problems.

B. Data Flow in NJOY

The modules of NJOY can be linked in a number of different ways to prepare
libraries for various nuclear applications. The following brief summary illustrates
the general flow of data in the code.

RECONR reads an ENDF tape* and produces a common energy grid for all
reactions (the union grid) such that all cross sections can be obtained to within
a specified tolerance by linear interpolation. Resonance cross sections are con-
structed using a method of choosing the energy grid that incorporates control over
the number of significant figures generated and a resonance integral criterion to
reduce the number of grid points generated for some materials.. Summation cross
sections (for example, total, inelastic) are reconstructed from their parts. The re-
sulting pointwise cross sections are written onto a “point-ENDF” (PENDF) tape
for future use. BROADR reads a PENDF tape and Doppler-broadens the data
using the accurate point-kernel method. The union grid allows all resonance re-
actions to be broadened simultaneously, resulting in a great savings of processing
time. After broadening and thinning, the summation cross sections are again re-
constructed from their parts. The results are written out on a new PENDF tape
for future use. UNRESR produces effective self-shielded pointwise cross sections,
versus energy and background cross section, in the unresolved range. This is done
for each temperature produced by BROADR, using the average resonance param-
eters from the ENDF evaluation. The results are added to the PENDF tape using
a special format.

If desired, additional special kinds of data can be added to the PENDF tape.
HEATR computes energy-balance heating, KERMA, and damage energy using

*The word “tape” is synonymous with “file” in this manual, and it does not imply a physical
tape. This usage is consistent with ENDF usage; the term “ENDF tape” is traditional.
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reaction kinematics or applying conservation of energy. The ENDF photon pro-
duction files can be used in this step, when available. Comparisons of momentum
and energy calculations with the photon files can be used to find energy-balance
errors in the evaluations. For ENDF-6 data, charged-particle distributions in
File 6 are used directly to compute accurate heating and damage parameters. The
energy-balance heating results are added to the PENDF tape using ENDF reaction
numbers in the 300 series; kinematic KERMA uses the special identifier 443, and
damage results use the special identifier 444. THERMR produces pointwise cross
sections in the thermal range. Energy-to-energy incoherent inelastic scattering
matrices can be computed for free-gas scattering or for bound scattering using a
precomputed scattering law S(e,) in ENDF format. The secondary angle and
energy grids are determined adaptively so as to represent the function to a desired
precision by linear interpolation; the angular representation is then converted to
one based on equally probable angles. Coherent-elastic scattering from crystalline
materials can be computed using internal lattice information, or for ENDF-6 for-
mat files, using data from the evaluation directly. The scheme used provides a
detailed representation of the delta functions in energy and angle. Incoherent-
elastic scattering for hydrogenous materials is represented using equally probable
angles computed analytically or using ENDF-6 parameters. The results for all the
processes are added to the PENDF tape using special formats and special reaction
numbers between 221 and 250. GROUPR. processes the pointwise cross sections
produced by the modules described above into multigroup form. The weighting
function for group averaging can be taken to be the Bondarenko form, or it can
be computed from the slowing-down equation for a heavy absorber in a light mod-
erator (see Appendices A and B for information on group structures and weight
functions). Self-shielded cross sections, scattering matrices, photon production
matrices, and charged-particle matrices are all averaged in a unified way, the only
difference being in the function that describes the “feed” into a secondary group
g' with Legendre order £ from initial energy E. The feed function for two-body
scattering is computed using a center-of-mass (CM) Gaussian integration scheme,
which provides high accuracy even for small Legendre components of the scattering
matrix. Special features are included for delayed neutrons, coupled energy-angle
distributions (either from THERMR or from ENDF-6 evaluations using File 6),
discrete scattering angles arising from thermal coherent reactions, and charged-
particle elastic scattering. Prompt fission is treated with a full group-to-group
matrix. The results are written in a special “groupwise-ENDF” format (GENDF)
for use by the output formatting modules. GAMINR uses a specialized version
of GROUPR to compute photoatomic cross sections and group-to-group matrices.

Coherent and incoherent atomic form factors are processed in order to extend the
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useful range of the results to lower energies. Photon heat production cross sections
are also generated. The results are saved on a GENDF tape.

The covariance module, ERRORR, can either produce its own multigroup cross
sections using the methods of GROUPR or start from a precomputed set. The
cross sections and ENDF covariance data are combined in a way that includes
the effects of deriving one cross section from several others. Special features are
included to process covariances for data given as resonance parameters or ratios
(for example, fission 7). The COVR module uses the output from ERRORR and
the widely available DISSPLA* plotting software to make publication-quality plots
of covariance data; it also provides output in the efficient BOXER format, and it
provides a site for user-supplied routines to prepare covariance libraries for various

sensitivity systems.

MODER is usually used at the beginning of an NJOY job to convert ENDF
library files into binary mode for calculational efficiency, or at the end of a job to
obtain a printable version of a result from ENDF, PENDF, or GENDF input. It
can also be used to extract desired materials from a multimaterial library, or to
combine several materials into a new ENDF, PENDF, or GENDF file. DTFR is
a simple reformatting code that produces cross-section tables acceptable to many
discrete-ordinates transport codes. It also converts the GROUPR fission matrix
to x and 7oy and prepares a photon-production matrix, if desired. The user can
define edit cross sections that are any linear combination of the cross sections on the
GENDF tape. This makes complex edits such as gas production possible. DTFR
also contains its own plotting package for the cross sections, Pg scattering matrix,
and photon production matrix. This module has become somewhat obsolete with
the advent of the MATXS/TRANSX system and PLOTR.

A number of other interface file formats are available from NJOY. The CCCCR
module is a straightforward reformatting code that supports all the options of
the CCCC-IV® file specification. In the cross-section file (ISOTXS), the user
can choose either isotope x matrices or isotope x vectors collapsed using any
specified flux. The BRKOXS file includes the normal self-shielding factors plus
self-shielding factors for elastic removal. The DLAYXS provides delayed-neutron
data for reactor kinetics codes. Note that some of the cross sections producible
with NJOY are not defined in the CCCC files. For that reason, we have introduced
the new CCCC-type material cross section file MATXS. The MATXSR module
reformats GENDF data for neutrons, photons, and charged particles into the
MATXS format, which is suitable for input to the TRANSX (transport cross

*The DISSPLA plotting package is a product of ISSCO, Integrated Software Systems Corpo-
ration, 10505 Sorrento Valley Rd., San Diego, CA 92121.
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section) code.8 TRANSX can produce libraries for a variety of particle transport
codes, such as ANISN,” ONEDANT,8 TWODANT,? and DIF3D.10 The MATXS
format uses efficient packing techniques and flexible naming conventions that
allow it to store all NJOY data types. A companion module, RESXSR, formats
pointwise data into a CCCC-like format for use in thermal flux calculators.

Pointwise data can also be fed directly into the ACER module. This module
prepares cross sections and scattering laws in ACE format (A Compact ENDF)
for the MCNP code.ll All the cross sections are represented on a union grid for
linear interpolation by taking advantage of the representation used in RECONR
and BROADR. “Laws” for describing scattering and photon production are very
detailed, providing a faithful representation of the ENDF-format evaluation with
few approximations. The data are organized for random access for purposes of
efficiency. A future version of MCNP will be able to handle self-shielding in the
unresolved-energy range using probability tables. The PURR module in this re-
lease of NJOY can be used to prepare these tables.

Another alternate path for multigroup data is to use the POWR module to
produce libraries for the power reactor codes EPRI-CELL or EPRI-CPM*. Simi-

larly, the WIMSR module can be used to prepare libraries for the thermal reactor
assembly codes WIMS-D and WIMS-E.12

At the end of any NJOY run, the PLOTR module can be used to view the
results or the original ENDF data. PLOTR can prepare 2-D plots with the normal
combinations of linear and log axes, including legend blocks or curve tags, titles,
and so on. Several curves can be compared on one plot (for example, pointwise
data can be compared with multigroup results), and experimental data points
with error bars can be superimposed, if desired. PLOTR can also produce 3-
D perspective plots of ENDF and GENDF angle or energy distributions. The
DISSPLA plotting system is required. The MIXR module can be used to combine
isotopes into elements for plotting and other purposes. It only works for simple

cross sections at the present time.

C. Computer Implementation

NJOY is written in simple FORTRAN-77 with a few survivals from earlier
times. As far as possible, features that are likely to be machine dependent (such
as timers, date functions, and input/output) are isolated in special subroutines.
Some Hollerith variables survive in places where they are appropriate, such as the

*EPRI-CELL and EPRI-CPM are proprietary products of the Electric Power Research Insti-
tute (EPRI), 3412 Hillview Avenue, Palo Alto, CA 94304.
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CCCC modules. In other places, character variables are used.

For consistency and convenience, the NJOY modules make use of a set of
common functions and subroutines located in the NJOY module. They include
customized free-format input, special file open, close, and reposition routines, dy-
namic storage allocation calls, utility programs for ENDF-format files, fatal error
and warning message calls, and uniform time and date routines. See the NJOY

chapter of this report for more details.

NJOY is usually loaded with each module being a separate “segment” or “over-
lay.” The NJOY module is then the main segment or overlay, and it controls the
execution of the other modules. This is possible because each module is basically
an independent program, both logically and physically. Changes or repairs in one
module rarely have side effects in other modules. The segmented structure thereby

leads to economy in memory requirements.

NJOY is heavily commented. Each module starts with a long block of comment
cards that gives a brief description of the module and then gives the current
user input instructions. Users should always check the input instructions in the
current version of the NJOY source code rather than the instructions summarized
in this manual—changes may have been made. Furthermore, each function or
subroutine starts with a block of comment cards that describes its function and
special requirements. Additional lines of comment cards are used inside each
procedure to block off its major components.

Typography conventions for FORTRAN differ from place to place. On most
machines at Los Alamos and at most other Cray installations, FORTRAN text is
given in lowercase. On the other hand, many IBM and VAX installations custom-
arily use uppercase. In order to avoid translation problems, NJOY avoids using
mixed-case text for comments or for labels on graphs. (Note that the plot-
ting modules use shift characters to change between uppercase and lowercase.) In
this report, FORTRAN text and variable names are printed using an uppercase
typewriter font.
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D. Version Control

A strict procedure for version control has been adopted for NJOY. In addition
to providing a simple method for making changes and repairs to the code, it
provides the documentation required for formal Quality Assurance (QA) programs.
The central feature of this procedure is a new code called UPD.13 UPD is similar
in concept to the UPDATE cpde14 found on CDC and Cray systems, or to the
UPEML codel® included with NJOY 89 as released by the code centers, except
that it has been simplified in concept and written in basic FORTRAN in order to
be adaptable to as many systems as possible.

Like UPDATE, the UPD code uses a “source” file (called SRC) that contains
the FORTRAN cards of the code separated into groups by *DECK cards. However,
there is no binary program library. Instead, UPD works directly from the source
file. Alsolike UPDATE, corrections are specified by giving “idents” (in the file UPN)
containing commands like “*I addr” or “xD addr” (insert and delete, respectively)
followed by the new or changed text. The addresses (addr) for corrections have
forms like “NJOY.6” or “RECONR.111,222.” Updates can be made on top of earlier
updates; for example, “*¥D UP32.45,MATXSR.1234.”

The revision procedure requires that updates be made in sequence: UP1, UP2,
UP3, .... The corresponding NJOY versions would be called 91.1, 91.2, 91.3,....
Each ident can only contain changes for one module, and it must start with a

comment card giving the date and the reason for the change. For example,

*IDENT UP22
*/ GROUPR -- 21 OCT 91 -- FIX BUG IN CHARGED-PARTICLE ELASTIC
*D GROUPR.1126,1127

Once finished, tested, dated, and released, a given ident cannot be changed directly.
It can only be changed by using a subsequent new ident in the UPN file. This assures
that an NJOY version number such as 91.22 uniquely defines every line in the code.

The next-to-the-last ident in the update directives file fixes the version infor-
mation in the NJOY source and changes the version string printed on the “banner”
at the top of every NJOY run. For example,

*IDENT VERS
*/ VERSION 91.22 -- 21 OCT 91
*D NJOY.10
C * VERSION 91.22 —- 21 OCT 91
*«D NJOY.301
DATA VERS/’91.22'/
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Therefore, any given copy of the NJOY source code is uniquely labeled, and every
NJOY run is uniquely traceable to a specific version of the source code.

The version ident would normally be followed by machine-dependent changes
for a given laboratory and computer system. For example, the first few lines
of the machine-dependent update for the CTSS operating system used on Cray
computers at Los Alamos follow:

*IDENT CTSS
*D NJOY.3
PROGRAM XJOY(INPUT,OUTPUT,TTY,TAPES=INPUT, TAPE6=0OUTPUT,TAPE7=TTY)
=1 NJOY.122
C *++ENABLE FILE REPLACEMENT ON EXECUTE LINE
CALL FILEREP
*I NJOY.308
CALL MACE(MX)
*D MJOY.357
c REQUEST TRACEBACK AND DROP FILE
CALL TRCBK(NSYS0,0)
CALL TRCBK(NSYSE,O0)
CALL EXITA(1)
*D NJOY.725
CALL SECOND(TIME)

Note that these changes affect the system I/O units, fatal error handling, and
elapsed time function. Several machine-dependent ident packages are included in
the NJOY distribution.

UPD also provides a limited conditional capability for defining machine depen-
dencies through the *IF, *ELSEIF, *ELSE, and *ENDIF directives. The conditions
for the IF and ELSEIF commands are set using the “*SET name” directive in the
UPD input file. In NJOY 91, the main use for this feature is “SW”, which turns
on the features for “short-word” machines (that is, REAL*8, DLOG, MULT=2, etc.).
A list of all the conditional options that can be set for NJOY 91.0 is given below.
Check the comment cards at the start of your current version of NJOY to see if
others have been introduced.

Set Function

SW short-word machine (32-bit words)
DISS activate DISSPLA plotting

WORDIO use word-indexed binary IO in ACER

UPD produces either a “CPL” file for input to a compiler, or a “LST” file that
provides a convenient listing for the code, complete with UPD identifiers for each
line. See the UPD report13 for a more complete description.
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E. Test Problems

Another important part of the NJOY revision control procedure is the set of
standard test problems used to validate each new version. This kind of systematic
testing is also a key part of any QA program. The NJOY test problems also act
as examples in helping new users to operate the code system. Brief descriptions
of the current set of test problems follow. See Appendix C for details.

Problem 1: Process one ENDF/B-V isotope through pointwise and multigroup
modules. It tests heating and damage calculations, thermal calculations for
free-gas carbon and carbon bound in graphite, and multigroup averaging.
The full PENDF tape is included in the test comparisons. ENDF/B-V Tape
511* and ENDF/B-III thermal tape T322 are required.

Problem 2: Process one ENDF/B-1V isotope for a practical CCCC library. It
tests resonance reconstruction, Doppler-broadening to several temperatures,
self-shielded unresolved cross sections, self-shielded multigroup cross sec-
tions, and the CCCC files ISOTXS, BRKOXS, and DLAYXS. Tape 404
is required.

Problem 3: Process photon interaction cross sections into both DTF and MATXS
format. The problem tests photoatomic cross section linearization in RE-
CONR, multigroup averaging in GAMINR, and output formatting in DTFR
and MATXSR. The DLC7E library! is required.

Problem 4: ERROR is tested, including the calculation of covariances for fission
v. Tape 511 is used.

Problem 5: This run tests COVR, including the plotting capability. Tape 511 is
used. This is a fairly expensive calculation, and when DISSPLA plotting is
enabled, it produces a large number of covariance graphs.

Problem 6: Includes a number of 2-D sample problems for PLOTR, and one 3-D
case. Plots with special characters, error bars, curve tags, and legend blocks
are demonstrated.

Problem 7: Prepares an ACE-format library for a fissionable material.

An NJOY “release” is normally made after a number of idents have been in-
serted into UPN. For example, released versions might be 91.0, 91.13, 91.38, etc.
When the number of idents becomes cumbersome, a new resequenced version is
normally prepared; for example, 91.99 might be followed by 93.0. Intermediate
versions would be experimental. Each ident is normally tested as it is written to
make sure that it performs correctly. The entire suite of test problems is run when
each new ”release” is made, and the results are saved to provide a benchmark

*ENDF tapes are available from the National Nuclear Data Center (NNDC) at the Brookhaven
National Laboratory, Upton, NY 11973.

tThe DLC7E photon library is available from the Radiation Shielding Information Center
(RSIC) at the Oak Ridge National Laboratory, Box 2008, Oak Ridge, TN 37831.
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for testing future releases. Each difference between the test results for subsequent
versions should be understood.

F. History and Acknowledgments

NJOY was started as a successor to MINX16 late in 1973 (it was called MINX-
II then). The current name was chosen in late 1974 to be evocative of “MINX
plus®. The first goals were to add a photon production capability like that in
LAPHANO,17 to add a photon interaction capability like GAMLEG,18 to provide
an easy link to the Los Alamos 30-group libraries of the day using DTF19 for-
mat, and to merge in the capabilities of ETOPL20 to produce libraries for the
MCNP Monte Carlo code. Most of the work was done by MacFarlane; Rosemary
Boicourt joined the project in 1975. First, the RESEND?2! and SIGMA122
modules of MINX were converted to use union grids, and a new method of reso-
nance reconstruction was developed. These steps led to RECONR and BROADR.
UNRESR, which was based on methods from ETOX,23 was moved over from
MINX with only a few changes. Next, a completely new multigroup averaging
program, GROUPR, was developed around the unifying concept of the “feed func-
tion,” which handled neutron- and photon-production cross sections in a parallel
manner. The CM Gaussian integration for discrete two-body scattering was devel-
oped. DTFR was developed as the first NJOY output module. The first versions
of the NJOY utility codes were introduced; the new concepts of “structured pro-
gramming” inspired some of the features of the new NJOY code.

Major influences during this period included Don Harris, Raphe LaBauve, Bob
Seamon, and Pat Soran at Los Alamos, and Chuck Weisbin at the Oak Ridge
National Laboratory (ORNL). Odelli Ozer at Brookhaven (and later EPRI) helped
with RESEND, and Red Cullen at Livermore and John Hancock at Los Alamos
helped with the Doppler broadening module. In those days, the development of
NJOY was supported by the US Fast Breeder Reactor and Weapons Programs.

Code development continued during 1975. The ERRORR module was added
for calculating covariances from ENDF/B files. The ACER module was created
by borrowing heavily from ETOPL and Chuck Forrest’s MCPOINT code. Rich
Barrett joined the project, and he did most of the work in creating a new CCCC
module for NJOY that had several advances over the MINX version and met the
CCCC-III standards.24 By the end of the year, HEATR had also been added to
the code (with ideas from Doug Muir). HEATR gave NJOY most of the capabilities
of the original KERMA factor code, MACK.25
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During 1976, free-format input and dynamic data storage were added to NJOY,
GAMINR was written to complete the original NJOY goal of processing photon
interaction cross sections, and the MATXSR module was designed and written,
primarily by Rich Barrett. This completed the capability to construct fully cou-
pled cross sections for neutron-photon-heating problems. A major new effort was
writing the THERMR module to improve upon the thermal moderator scattering
cross sections then produced using the FLANGE-II26 and HEXSCATZ27 codes,

and starting the POWR module to produce cross sections for the EPRI-CELL
and EPRI-CPM codes used by the US electric utility companies. This work was
funded by the Electric Power Research Institute (EPRI).

The first release of NJOY to the Radiation Shielding Information Center (RSIC)
at Oak Ridge and to the National Energy Software Center (NESC) at Argonne
was made in the summer of 1977. This version was tested and converted for IBM
machines by R. Q. Wright (ORNL). Also, TRANSX was developed during 1977,
the MATXS1 30 x 12 library was produced based on ENDF/B-IV, the flux calcu-
lator was added to NJOY to support the EPRI library work, and the first version
of the EPRI-CELL library was made and used.

A second release of NJOY was made in 1978.28 In addition, further improve-
ments were made for preparing EPRI cross sections, the MATXS/TRANSX system
was improved, and a thermal capability was added to the MCNP Monte Carlo code
using cross sections from THERMR as processed by ACER.

In 1979, the radiation damage calculation was added to HEATR, and the
GROUPR flux calculator was further improved. In 1980, a plotting option was
added to ERRORR. During this period, NJOY had become more stable. Changes
usually consisted of small improvements or bug fixes instead of major new capabil-
ities. Starting in this period, NJOY received some support from the US Magnetic
Fusion Energy Program, mostly for covariance work and TRANSX related library
support.

In 1981 and 1982, improvements included the momentum-conservation method
for radiative capture in HEATR. Analytic ¥x broadening was added to RE-
CONR for some cases, and the integral criteria for resonance reconstruction with
significant-figure control were installed in RECONR. Several new capabilities were
added to ERRORR, and the COVR module was added to NJOY to handle both
ERRORR plotting and covariance library output (this covariance-related work was
done by Doug Muir). In addition, CCCCR was updated to the CCCC-IV? stan-
dards. A major new release called NJOY (10/81) was made to the code centers,

2

and the first two volumes® of a new NJOY report were written and published.
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European users began to make important contributions about this time. Enrico
Sartori of the NEA Data Bank at Saclay in France, Margarete Mattes of the Uni-
versity of Stuttgart in Germany, and Sandro Pelloni of the Paul Scherer Institute
in Switzerland deserve mention.

Another major release, NJOY 6/83, was made in 1983. By this time, NJOY
was in use in at least 20 laboratories in the US and around the world. Small
improvements continued, such as the kinematic KERMA calculation in HEATR.
Volume IV of the NJOY report was published in 1985, and Volume III appeared
in 1987.

The next big set of improvements in NJOY was associated with the introduction
of the ENDF-6 format. This required significant changes in RECONR to support
new resonance formats like Reich-Moore and Hybrid R-Function (implemented
with help from Charlie Dunford of Brookhaven), in HEATR to implement direct
calculations of KERMA and damage from charged-particle and recoil distributions
in File 6, in THERMR to support new formats for File 7, and in GROUPR to
support the group-to-group transfer matrices using energy-angle data from File 6.
The PLOTR module was also developed during this period. The result was the
release of NJOY 8929 in time for processing the new ENDF/B-VI library and the
JEF-1I library (which was also in ENDF-6 format).

During 1989 and 1990, initial processing of ENDF/B-VI and JEF-II exposed
a number of small problems that had to be fixed. In addition, the ACER mod-
ule was rewritten to clean it up, to add capabilities to produce ACE dosimetry
and photoatomic libraries, and to provide for convenient generation of files in
several different formats for users away from Los Alamos. A MIXR module was
added to NJOY, mostly to allow elemental cross sections to be reconstructed from
ENDF/B-VI isotopes for plotting purposes. A new technique was introduced into
GROUPR and all the output modules for multigroup data that provided for more
efficient processing of fission and photon production matrices with lots of low-
energy groups. Major revisions were made to the MATXS format to allow for
charged-particle cross sections, to pack matrices with lots of low-energy groups
more efficiently, and to make inserting and extracting new materials easier. The
WIMSR module, which had been under development for a number of years in co-
operation with WIMS users in Canada and Mexico, was introduced into NJOY.
Finally, the PURR module for generating unresolved-region probability tables for
use with MCNP, which had also been under development for many years, was
formally added to the code.

The result of this year-and-a-half of work is NJOY 91, as described in this
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II. NJOY

The NJOY module of the NJOY system has two elements. First, it contains
the main program for the system, which directs the data flow through the other
modules. Second, it contains a library of commonly used subroutines and functions
for use in the other modules. This manual describes NJOY version 91.91.

A. The NJOY Program

This is the main program of the NJOY system. It starts by reading an input
option parameter and the ENDF version value. Then it sets up a loop that simply
reads a module name in free format and calls in the requested module. The first
card read by any module contains the unit numbers for the various input and
output files. In this way, the output of one module can be assigned to be the input
of another module, thereby linking the modules to perform the desired processing
task. An example of the linking procedure is given below:

[mount an ENDF tape as TAPE20]
0
b
RECONR
20 21
[input lines for RECONR]
GROUPR
20 21 0 22
[input lines for GROUPR]
DTFR
22 23 21
[input lines for DTFR]
STOP
[DTF-format lines written on TAPE23]

An important feature of a good modular system is that there be a minimum
of interactions between the modules in order to reduce side effects. In the NJOY
system, modules communicate only by the input and output units specified, as

shown above, and through two common blocks of constants:

COMMON/MAINIO/NSYSI,NSYSO,NSYSE,NTTY
COMMON/UTIL/NPAGE, IVERF

The main program sets the page length (NPAGE) for blocked binary files and
assigns the unit numbers for system input and output. NJOY expects these num-
bers to be less than 10 (the normal choice is 5 for input and 6 for output). In a
time-sharing environment, it is often helpful to have a short print for the terminal
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while still preserving the long listing for the system printer. Such an option is
provided by IOPT=1. This option changes the input and output to the terminal
(see NTTY). Fatal error messages and warning messages will appear on the output
file; they may also appear on the terminal or a special error unit (see NSYSE).
The final common parameter is IVERF, which should be between 3 and 6 to process
ENDF/B-III, -1V, -V, or -VI evaluations. The input instructions for the NJOY
module are given as comment cards at the beginning of the module. They are

reproduced here for the convenience of the user.

* *
#—~-INPUT SPECIFICATIONS (FREE FORMAT) *
* *
* CARD1 INPUT OPTION *
* IOPT O FOR CARD INPUT AND FULL OUTPUT. *
* 1 FOR TERMINAL INPUT WITH SHORT OUTPUT ON TERMINAL *
* CARD2 *
* IVERF ENDF/B VERSION NUMBER (3 THRU 6 ONLY) *
* CARD 3 *
* MOPT SIX CHARACTER MODULE NAME, E.G. RECONR. THE *
* STRING MAY ALSO BE DELIMITED BY %, E.G., *RECONR*. *
* REPEAT MOPT FOR EACH MODULE DESIRED, AND USE *
* STOP OR *STOP* TO TERMINATE PROGRANM. *
* *
* SEE THE COMMENTS AT TEE START OF EACH MODULE FOR *
* ITS SPECIFIC INPUT INSTRUCTIONS. *
* *

The method used for invoking NJOY is system dependent, and it also depends
on whether the user wants batch or interactive mode. For example, under the
CTSS system used on the Cray computers at Los Alamos, batch jobs can be
started with the command

NJOoY

where the default files are INPUT and OUTPUT, or

NJOY INPUT=TEST1,0UTPUT=0UT1

with explicit input and output file names. For interactive jobs, the appropriate
command is

NJOY INPUT=TTY

The code prompts the user with “?” on the terminal. The correct response is “1”
for TOPT. NJOY will then begin prompting the user for input with messages on
the terminal.
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For UNIX systems, the standard I/O redirection syntax is used to control the
system files:

NJOY <TEST1 >0UTH4

The default input and output units are the terminal, so interactive runs can be
started with a simple “NJOY”. As above, this would cause NJOY to prompt for
IOPT with a question mark.

B. Interface Files

Another requirement of a good modular system is that the input and output
files be in a common format so that modules can work with each other’s output
in a flexible way. Since NJOY is basically an ENDF processing code, ENDF-
compatible formats were chosen for linking modules together. “Input” and “out-
put” modules can be specified to communicate with other formats (the “outside
world”). In the example above, TAPE23 is an example of such an external file. The
other tapes* in the example are ENDF-type files, and the sequence shown is fairly
typical. If the user in the example needs data at a higher temperature, the RE-
CONR point-ENDF, or PENDF, tape (TAPE21) can be run through BROADR
to produce a new Doppler-broadened PENDF tape for GROUPR. Many other
combinations are possible simply by rearranging the sequence of module names
and changing the unit numbers that link them. These common-format files also
provide for convenient restarts at many points in the calculational sequence. For
example, if a user is trying to produce pointwise cross sections at 300 K, 600 K,
and 900 K and runs out of time while working on 900 K, he can save the partially
completed PENDF tape and restart from 600 K. Multigroup modules use spe-
cially constructed groupwise-ENDF formats (GENDF) that are compatible with
the multigroup output modules. A GENDF tape from GROUPR can be saved in
the NJOY data library, run through CCCCR to produce one output format, and
then run through MATXSR for another output format.

In NJOY, unit numbers from 20 through 99 are used for storing results or
linking modules, units 10 through 19 are reserved for scratch files, which will be
destroyed after a module has completed its job, and units below 10 are reserved

for the system. Negative unit numbers indicate binary mode.

There are special utility routines to open, close, and reposition files. These

*The word “tape” will be used throughout this report as a synonym for “file”; an actual
physical tape is not implied. This is consistent with ENDF custom, where the phrase “ENDF
tape” is traditional. Furthermore, in most NJOY installations, the actual files on the machine
will have names like “TAPE23.”
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routines automatically handle the NJOY conventions on positive or negative unit

numbers, scratch files, and so on. They are written using standard FORTRAN-77
calls,

OPENZ (LUN,NEW)

Open the unit=ABS(LUN). If LUN>0, use coded (formatted) mode, and .if
LUN<O, use binary mode. Destroy on close or job termination if 10<LUN<20.
If NEW=1, destroy the file on this unit (if it exists) and open a new file.
CLOSZ(LUN)
Close the file with unit=ABS(LUN). Do nothing if LUN=0 or if LUN is a scratch
file.
REPOZ(NTAPE)

Rewind the file with unit=ABS(NTAPE). Do nothing if NTAPE=0.
SKIPRZ(LUN,NREC)

Skip NREC records forward or backwards. Caution: Some systems have a
call for this option; others can use loops of backspace and dummy reads as
given in the NJOY code. Both these operations work well for systems that
use “linked-list” data structures for I/O files. On some systems, however,
backspace is implemented as a rewind followed by forward dummy reads to
the desired location. In such cases (for example, VAX), SKIPRZ must be
recoded to avoid calling backspace repeatedly.

C. Free Format Input

For a card-input program, free-form input is convenient, but in a time-sharing
environment, it is almost essential. Therefore, a subroutine FREE has been in-
cluded among the NJOY utilities to provide a standardized free-format input ca-
pability.

FREE(NIN,Z,NZA,NCW)

Read free-form input from NIN into the array Z. On input, NZA is the number
of words desired; on return, it is the number of words found. NCW is the
number of Hollerith characters for each word (blank fill to right).

All numbers read from the input cards are returned as real in array Z. The calling
program can convert selected numbers to integer mode as required using the stan-
dard FORTRAN nearest-integer function, NINT. Hollerith variables are returned
in integer form using the internal N-bit code of the machine. If NCW is larger than

the number of characters per word, successive locations of Z will be used.

Fields on the input cards are delimited by any character not used for another

purpose (+, —, number, E, H, *, R, /). For exponent fields, the E must be
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present, and spaces are not allowed before the E. Decimal points are not required
after numbers. Text or Hollerith fields may use nHstring or *string*, or the field
may be a single word (NCW characters of less) starting with a letter. The character
/ terminates the input for one call to FREE (it may involve more than one card)
leaving any unread variables unchanged. This feature is often used to default
variables from the right. The nR specification causes the number following R to
be repeated n times. Comments can be given after the /, and lines with a § in

column 1 are also taken to be comments. Some input examples follow.

legal illegal
12 12, 1.2E1 1.2+1 El
U235 *U235* 4HU235 4RU235 (does not right-justify)

5R1.0 3RI1.1E6

Other examples will be found in input samples throughout this report.

NJOY modules normally use FREE in a way that takes advantage of its capa-

bility to default fields from the right. For example,
DIMENSION Z(10)
¥z-4
Z(2)=0.
Z2(3)=5
Z(4)=1
CALL FREE(NIN,Z,NZ,4)
AA=Z(1)
BB=Z(2)

II=NINT(Z(3))
JI=NINT(Z(4))

No default is provided for AA; it must be given. If the input card is terminated
after the first entry with /, the remaining values will all be left with their default
values, and NZ will be returned as 1. On the other hand, the input card

1.E6 22. 4/

will assign the value 22.0 to BB, the value 4 to II and leave JJ set to its default
value of 1. NZ will be returned as 3.

FREE contains one parameter that may have to be changed when converting
between different machines: MACHWD is the number of Hollerith characters in a
machine word (10 on CDC, 8 on Cray, 4 on IBM). The rest of the character
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handling is incorporated into SUBROUTINE PACKC, which inserts characters into
words using FORTRAN-77 character operations, and FUNCTION LETTER, which
tests whether a given character is a letter to find undelimited Hollerith strings.

D. ENDF Input-Output
The ENDF format for evaluated nuclear data is well documented elsewhere,l'. 2
but for the convenience of the reader, some features of the format will be described

here.

ENDF tapes are subdivided internally into “materials” (MAT), “files” (MF),
and “sections” (MT). A MAT contains all data for a particular evaluation for an
element or isotope (for example, MAT1276 is an evaluation for 8-0-16 in ENDF/B-
IV). A file contains a particular type of data for that MAT: MF=3 is a cross-section
versus energy data; MF=15 contains secondary photon energy distributions. A
section refers to a particular reaction [for example, MT=2 is elastic scattering
and MT=107 is the (n,a) reaction]. Every record contains the current MAT,
MF, and MT values. Two materials are separated by a record with MAT=0 (the
material-end or MEND record). Two files are separated by a record with MF=0
(the file-end or FEND record). Two sections are separated by a record with MT=0

(the section-end or SEND record). Finally, the tape is terminated with a record
with MAT = —1 (tape-end or TEND record).

NJOY has a set of utility subroutines for locating desired positions on an ENDF
tape.

FINDF (MAT ,MF ,MT,NIN)

Search NIN backward or forward for the first record with this MAT, MF,
MT. Issue a fatal error message if the record is not found.

TOSEND (NIN,NOUT,NSCR,A)
TOFEND(NIN,NOUT,NSCR,4)
TOMEND(NIN,NOUT,NSCR,A)

TOTEND(NIN,NOUT,NSCR,A)

Skip forward past the next SEND, FEND, MEND, or TEND card on NIN. If
NOUT and/or NSCR. are nonzero, copy the records. Input and output files
must be in the same mode.

The data on an ENDF tape are written in 7 different kinds of “structures”, each
of which has a binary and a formatted form (the words “coded,” “formatted”, and
“BCD” will often be used interchangeably even though the actual representation
might be ASCII or display code). The structures are: (1) TAPEID, a Hollerith
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title for the tape; (2) CONT, a control record (includes SEND, FEND, MEND,
and TEND); (3) LIST, a list of data items; (4) HOLL, a list of Hollerith words; (5)
TABI, a one-dimensional tabulation of data pairs; (6) TAB2, a two-dimensional
tabulation control record; and (7) DICT, a directory or an index (it used to be
called the “dictionary”) to the sections found in the MAT. It should be noted that
HOLL is a special case of LIST and DICT is a special case of CONT.

In binary mode, each structure is written as a single logical record as follows:

TAPEID [MAT ,MF ,MT/A(I) ,1=1,17] *
where MAT=tape number, MF=MT=0, and the Hollerith data are 16A4,A2;

CONT[MAT,MF,MT/C1,C2,L1,L2,N1,N2]
LIST[MAT,MF,MT/C1,C2,L1,L2,N1,N2/A(T) ,I=1,N1]

HOLL [MAT ,MF,MT/C1,C2,L1,L2,N1,N2/A(I) ,I=1,N1]
where MF=1, MT=451, and each line of Hollerith characters is stored in A as
16A4,A2;

TAB1 [MAT ,MF,MT/C1,C2,L1,L2,N1,N2/NBT(I),INT(I),I=1,N1/X(I),Y(I),I=1,N2]

where NBT and JINT are the interpolation table and Y(X) is the one-dimensional
tabulation;

TAB2[MAT,MF,MT/C1,C2,L1,L2,N1 ,N2/NBT(I),INT(I),I=1,N1]
where the interpolation table is to be used to control a series of N2 LIST or
TABI1 structures that follow; and

DICT[MAT MF,MT/0.,0.,MFS,MTS,NCS,M0ODS]

where there is a record for each section in the material (MFS, MTS) giving
the card count (NCS) for that section. For ENDF/B-V, MODS indicates the
revision number for that section.

The ENDF procedure manuals!' 2 explain how these structures are combined to
represent various physical quantities.

In order to make these records practical, limits have been established that keep
the record length below approximately 10 000 words. In BCD mode, each structure
is broken up into many card images, each containing 6 data words, followed by
MAT, MF, MT, and a line sequence number. There is no intrinsic limit to the
length of a data structure written in BCD form because a program reading the
data can normally be coded to use the data in “pages” of reasonable size. The
MINX code? (the predecessor of NJOY) was forced to use BCD formats to handle
the large tabulations found on PENDF tapes. Analysis showed that this code used

*In ENDF/B manuals, the slash is used as a logical divider. Replace it with a comma and add
parentheses when constructing a FORTRAN 1/0 list.
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more than 50% of its running time coding and decoding BCD formats. In order to
eliminate this waste, a blocked binary format was developed for the ENDF data
structures. A structure is divided up into several logical records of intermediate
length (typically about 300 words), each having the following form:

[MAT,MF ,MT ,NB,NW/A(I),I=1,NW]

where NB is the number of words remaining in the data structure (the last record
has NB=0). This type of record is compatible with the official ENDF binary record,
but is also adaptable to paging methods. The page size can be chosen to optimize
input/output rates for a particular computer system.

A set of utility subroutines has been devised to handle both blocked-binary
and paged-BCD input and output.

CONTIO(NIN,NOUT,NSCR,A,NB,NW)

Read/write a control record to/from A (NB=0, NW=6). CONTIO uses ASEND,
AMEND, etc. for END cards.

LISTIO(NIN,NOUT,NSCR,A,NB,NW)

Read/write the first record or page of a list record to/from A. If NB is not
zero, continue with MOREIO, as illustrated in Examples 1 and 2 on the next
page.

TAB1IO(NIN,NOUT,NSCR,A,NB,NW)

Read/write the first record or page of a TAB1 structure. If NB is not zero,
use MOREIO.

TAB2IO(NIN,NOUT,NSCR,A,NB,NW)
Read/write a TAB2 structure (NB=0).

MOREIO(NIN,NOUT,NSCR,A,NB,NW)

Read/write continuation records or pages to/from the array A. Returns NB=0
after processing the last record or page.

TPIDIO(NIN,NOUT,NSCR,A,NB,NW)
Read/write the Hollerith tape identification record to/from array A (NB=0,
NW=17).

HDATIO(NIN,NOUT,NWCR,A,NB,NW)

Read/write the first record or page of the Hollerith descriptive data (MF1,
MT451) to/from A, taking account of the 16A4,A2 format needed in BCD
mode. If NB is not zero, use MOREIOD.

DICTIO(NIN,NOUT,NSCR,A,NB,NW)

Read/write the entire material directory to/from A. On entry, NW is the num-
ber of entries in the dictionary. MOREIO is not used.
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LINEIO(NIN,NQUT,NSCR)
This routine is used by some of the other routines in this group to read
and/or write a line of ENDF text containing real numbers. It writes blank
fields at the ends of short lines.

HOLLIO(NIN,NOUT,NSCR)
This routine is used by HDATIO to read and/or write lines of Hollerith infor-
mation using the 17-word 16A4,A2 format.

CXFP(X,F,S,N)

This routine is used by some of the other ENDF/B routines to prepare for-
matted output without the normal FORTRAN “E”. Floating-point numbers
are output as +1.23456NN or +1.234567+N, depending on the size of the
exponent.

ASEND(NOUT ,NSCR)
AFEND (NOUT,NSCR)
AMEND (NOUT ,NSCR)

ATEND(NOUT,NSCR)

Write an “end” record on the desired units.

In these calling sequences, the unit numbers can be positive, negative, or zero.
Positive numbers mean BCD mode, negative numbers mean blocked-binary mode,
and zero means the file corresponding to this position in the calling sequence is
not used. All of these routines use one area of labeled common

COMMON/CONT/C1,C2,L1,L2,N1,N2,MAT ,MF ,MT ,NSH,NSP,NSC

where C1 through MT have their usual ENDF meanings, NSH is the sequence number
for NIN, NSP is the sequence number for NOUT, and NSC is the sequence number
for NSCR. Two examples may help to make clear the use of these routines.

Example 1. Read All Data

Loc=1
CALL TABLIO(NIN,0,0,A(1),NB,EW)
110 IF (¥B.EQ.0) GO TO 120
LOC=LOC+NW
CALL MOREIO(NIN,0,0,A(LOC),NB,NW)
GO TO 110
120 (process data in A)

Example 2. Paging
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CALL TAB1IO(NIX,0,0,A(1),XNB,NVW)
110 (process this page of data in 4)
IF (NB.EQ.D0) GO TD 120
CALL MOREIO(NIN,0,0,A(1),NB,NVW)
GO TO 110
120 CONTINUE

When NIN is BCD, paging is automatic. Positive and negative unit numbers can
be mixed in TPIDIO, CONTIO, LISTIO, etc., when mode conversion is desired.

E. Buffered Binary Scratch Storage

During the execution of a program, large amounts of data often need to be
stored in mass storage temporarily. In order to make such scratch storage as
efficient as possible, NJOY includes a pair of utility subroutines that automatically
buffer such data through fast memory to disk.

LOADA(I,A,NA,NTAPE,BUF,NBUF)

FINDA(I,A,NA,NTAPE,BUF,NBUF)

Load or find data in a buffered binary scratch file. Here I is the data point
number (I must increase, except I=1 causes a rewind and I<O flushes the
fast memory buffer to mass storage), A is the array containing data to be
stored or the destination of data to be read, NA is the number of words to be
transmitted (must be the same for all I), NTAPE is the logical unit number of
the disk file, BUF is the fast memory buffer array, and NBUF is the length of
the buffer array.

When a point is to be saved, LOADA stores it in BUF. When BUF becomes full, it is
automatically dumped to disk. When a point is to be retrieved, FINDA checks to
see whether the desired point is in BUF. If not, it reads through the disk until the
desired point is in memory. It then returns the desired point. When NA is small
with respect to NBUF, using LOADA/FINDA reduces the number of I/O operations
dramatically.

Sometimes it is necessary to find a particular part of the buffered data. In such
cases, use

SCANA(E,IP,NP,NA,NTAPE,BUF,NBUF) ,

where E is a value for the first of the NA words, and IP points to part of the data
whose first word is either equal to E or is the first value less than E.
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F. Dynamic Storage Allocation

In many large computer codes, storage requirements may change continually
throughout the execution of a problem. If maximum use is to be made of the
available memory, it is necessary to reallocate and repack storage in response to
the requirements of the calculation. In NJOY, these functions are handled by the
STORAG package of six subroutines.

STORAG(IAMAX ,NIDMAX,IPR,A)

Initialize variably dimensioned dynamic storage allocation system for the
container array A. IAMAX = length of container array. NIDMAX = maximum
number of data identifiers that will be needed at one time. IPR = print flag
(normally 0, use 1 to suppress most routine messages).

RESERV(ID,NWORDS, INDEX,A)

Reserve NWORDS in A for the data set identified by ID. ID is a Hollerith name
with up to 4 characters. Space will be allocated at the top of A if possible.
If insufficient space is available, A will be repacked, and another attempt to
reserve space will be made. If NWORDS=-1, repack A and assign all available
words to this ID. INDEX points to the first word for data set ID in A.

RELEAS (ID,NWORDS,A)

Release all but NWORDS of the space assigned to ID in A. NWORDS=0 deletes
this ID. If NWORDS is less than zero, this ID and all ID entries above it are
deleted. Note that repacking of A only takes place when the released space
is really needed (see RESERV).

FINDEX(ID,INDEX,A)

Find the index for the data set ID. Using FINDEX is good practice if there is
any chance that A might have been repacked since RESERV was called.

USAG(A)

Output a usage report for variably-dimensioned storage. The report may
be an underestimate if the option of reserving storage with NWORDS=-1 was
used, followed by a release with NWORDS=0. USAG has no way of knowing how
much of the memory was actually used.

MOVE(A1,A2,NWORDS)

This routine is used by RESERV to move data in memory while repacking.

The NWORDS=-1 option in RESERV is useful when the number of words in a data
set is not known in advance—an example:

EV=-1

CALL RESERV('SIG’,NW,LSIG,A)
READ(NIN) NW, (A(LSIG+I-1),I=1,NW)
CALL RELEAS(’SIG’,NW,A)
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STORAG prints out routine messages (if IPR=0) so that the user can monitor the
use of memory. The following example from THERMR illustrates several character-
istics of STORAG.

1 STORAG 10/20000
2 ID SCR 1/2050
3 ID BUFO 2/3050
4 ID BUFN 3/4050
5 ID STK 4/4110
6 IDFL 5/19963
7 XX FL 406

8 XX STK -1

9 IDE 4/4095
10 USAGE 4516/20000

In line 1, STORAG is initialized with 20 000 words of memory for up to 10 identifiers.
In lines 2, 3, 4, and 5, space is reserved for SCR, BUF0, BUFN, nnd STK. The number
before the slash is the ordinal number assigned to the identifier, and the second
number is the total amount of storage used so far. In line 7, space for FL was
reserved with NWORDS=-1. Therefore, 20 000 words less the STORAG table were
allocated. If repacking had been necessary, a “REPACKING” message would have
appeared here. The program determined that only 406 words were needed for FL,
and the remainder of the storage was released in line 7. The maximum storage
used to this point was 4110 + 406 = 4516. Further on, the code was finished with
STK and FL, and both were released by a single call with NWORDS=-1 as indicated by
line 8. Finally, line 9 shows a new identifier being assigned. Note that position 4
in the STORAG table was reused. The usage message on line 10 gives the maximum

amount of storage used by this module compared to the available storage.

The STORAG system is compact and easy to use. The overhead required to use

it is very small, unless frequent repacking is required.

G. ENDF/B Utility Routines

There are several operations performed on ENDF/B data that are needed in
so many other modules that it is practical to put them into the NJOY level.

TERP1(X1,Y1,X2,Y2,X,Y,I)

Interpolate for y(z) between y,(z;) and yz(z2) using the ENDF interpolation
law I (I=1 means y=y;, I=2 means y is linear in z, I=3 means y is linear
in In(z), I=4 means In(y) is linear in z, and I=5 means In(y) is linear in

In(z)).

TERPA(Y,X,XNEXT,IDIS,A,IP,IR)
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Interpolate for y(z) in the TAB1 structure in array A. The routine searches
for the correct interpolation range starting from IP and IR (initialize to 2
and 1 for first call). It returns XNEXT, the next z value in the tabulation.
IDIS is set to 1 if there is a discontinuity at XNEXT; it is zero otherwise).

GETY1(X,XNEXT,IDIS,Y1,ITAPE,A)

GETY2(X,XNEXT,IDIS,Y2,ITAPE,A)

Find y(z) in a TAB1 structure starting at the current location on ITAPE by
paging the data through array A. GETY1 and GETY2 are identical for occasions
when two different tapes are being searched at the same time. XNEXT and
IDIS behave as in TERPA. The array A must be at least NPAGE+50 words

in length. These routines are normally used to retrieve cross sections from
MF=3.

GRAL(XL,YL,XH,YH,X1,X2,I)

This function returns the integral from z; to z; of an ENDF function with
interpolation law I (see TERP1). XL, YL, XH, and YH are the low and high
limits of the interpolation panel.

INTEGA(F,X1,X2,A,IP,IR)

Integrate the TAB1 function stored in A from z, to z;. The routine auto-
matically determines the correct interpolation law for each panel or fraction
of a panel and uses GRAL to compute each part of the integral. Set IP=2
and IR=1 on the first call to INTEGA. In subsequent calls, the previous values

of IP and IR will usually provide a good starting point for searching in the
TABL1 structure.

H. Math Routines

Several mathematics routines are also included in the NJOY modules for use
by other modules.

LEGNDR(X,P,NP)
Generate Legendre polynomials P(z). The £ = 0 value is in P(1),the £ =1

value in P(2), etc. NP is the maximum Legendre order produced, so the
largest index for P is NP+1.

E1(X)

Compute the first-order exponential integral function E¢(z).

GAMI(A,X)

Compute the incomplete gamma function v(a, z).

GAM1(A)

Compute the gamma function I'(a).
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. CCCCI/O Routines

The CCCC standards? were established before FORTRAN-77 was developed.
In those days, input/output routines tendéd to be machine dependent. In order
to help improve the portability of reactor physics codes, a set of standard I/O
procedures were defined. The idea was that if every CCCC-compliant code used
these routines, only the routines would have to be adapted when moving to a new
computer system. The rest of the code would be completely transportable. The
CCCC-compatible modules of NJOY (namely, CCCCR, MATXSR, and RESXSR)
only need very simple versions of these procedures.

REED(N, IREC,X,L,MODE)

Read a CCCC binary record from unit N. IREC is the index for the record. If
IREC is not the next record, the routine will use SKIPRZ to move backward
or forward in the file before executing the read operation. If IREC=1, the file
on unit N will be rewound. The parameter L gives the number of words to
be read in the array X. MODE is ignored.

RITE(N,IREC,X,L,MODE)

Write a CCCC binary record on unit N. The records must be written sequen-
tially, and IREC=1 rewinds the file before the first record is written. L is the
number of words from array X to be written. MODE is ignored.

J. System-Dependent Routines

As much as possible, actions that are likely to be machine dependent have
been put into subroutines or functions in the NJOY level. The I/O routines have
already been discussed. Some other places with possible machine problems follow.

BANNER

This subroutine prints the NJOY banner on the output file. It includes a user
field LAB, which should be changed to properly identify the user’s installation.
It also includes a variable MX, which can be used to indicate which machine
was used at large computing centers; at Los Alamos, use CALL MACH(MX).

TIMER(TIME)

Returns the run time in seconds. The meaning of this number may vary from
system to system. It might be central-processor (CP) time, or at some instal-
lations, it may include other factors, such as I/O time or memory charges.
This makes it difficult to compare NJOY runs on different systems. This
routine will have to be revised for many systems.

DATER (HDATE)

Returns the date as an 8-character string in one of the forms mm/dd/yy
or ddmmyy; for example, 11/15/90 or 03jun91. The call to the system date
routine will normally have to be changed to adapt DATER to the local system.
It may also be necessary to convert between integer and character formats
for the date.

WCLOCK (HTIME)
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Returns the “wall clock” time. This is the time of day that the NJOY run
started, and it shouldn’t be confused with the elapsed CP time for the run
as returned by TIMER. The time is represented as an 8-character string in
the form hh:mm:ss; for example, 12:13:47. The user is free to use a 24-hour
convention for time.

SIGFIG

Because of the many comparisons and searches that it makes, NJOY often
has to match two numbers that are different only in the few least significant
bits. This routine is intended to make such numbers exactly equal to each
other by truncating the numbers to a given number of digits and removing
any low-significance junk resulting from nonterminating binary fractions.
This problem is not so common on short-word-length machines, but it might
still be necessary to convert this routine for some machines.

K. Error and Warning Messages

Starting with version 91.0, NJOY has a pair of standard routines for printing
fatal error messages and warning messages. This helps to enforce consistency
in the messages, insulates other subroutines from the complexities of the system
(for example, I/O units, “console”, “standard error file”), and provides a site for
machine-dependent error handling, including such things as saving “drop files”
and generating trace-back listings.

ERROR (FROM,MESS1,MESS2)

This subroutine should result in a fatal error exit and must be adjusted to
reflect the local system. Special features such as traceback information or
saving files for later analysis can be performed here. FROM is a character
string containing the name of the procedure that called ERROR, and MESS1
and MESS2 are two 60-character strings containing messages describing the
error. MESS2 is not printed if it is empty.

MESS (FROM,MESS1,MESS2)

This routine is for nonfatal warning messages. FROM is the routine that called
it. It prints FROM, MESS1, and MESS2 (if not empty), and returns to the calling
routine.

The actual error messages produced by functions and subroutines in the NJOY
module are listed below, including explanations of the meaning of the errors and
suggested steps to alleviate them.

ERROR IN NJOY**x*xILLEGAL OPTION
Only 0 or 1 is allowed. Fix the input file and start again.

ERROR IN NJOY***ILLEGAL ENDF/B VERSION NUMBER

Only 3 through 6 are allowed. ENDF/B-III data are actually processed with
IVERF=4.
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ERROR IN NJOY**»xILLEGAL MODULE NAME

Check spelling, and check for missing (/) or incorrect item counts in the
preceding module. Only the first four characters of each name are used.
This error message is generated directly by NJOY instead of using ERROR;

for interactive input, the user is given a chance to recover from typing in a
bad module name.

ERROR IN OPENZ#***ILLEGAL UNIT NUMBER

ERROR IN CLOSZ***ILLEGAL UNIT NUMBER
Units less than 10 are reserved for the system.

ERROR IN TOMEND#**x*MODE CONVERSION NOT ALLOWED
ERROR IN TOFEND***MODE CONVERSION NOT ALLOWED

ERROR IN TOSEND***MODE CONVERSION NOT ALLOWED

Input and output units must both be binary or both be BCD. Check the
signs of the unit numbers in the input file.

ERROR IN FINDF***MAT---MF---MT---NOT ON TAPE
Desired section cannot be found. Either the wrong tape was mounted, or
there is a mistake in the input deck.

ERROR IN SCANA***INITIAL IP NE O
Must be called with IP=0.

ERROR IN SCANA**»DID NOT FIND ENERGY ---

Energy requested is greater than the highest energy in the LOADA/FINDA
file.

ERROR IN GRAL**%*X2 LT X1
The integration interval is bad.

ERROR IN STORAG**x*STORAGE EXCEEDED
There is not enough storage allocated to hold even the directory table.

ERROR IN RESERV***STORAGE EXCEEDED. NEED---MORE WORDS FOR ID---

Container array is not large enough to hold desired data, even after repack-
ing. The message gives an estimate of the additional storage required. This
usually means that the size of the container array will have to be increased.
See the instructions for the module that reported the error for more infor-
mation.

ERROR IN RESERV#**ID---ALREADY DEFINED

An ID must be released before being reassigned. This message probably
indicates that there is a coding error in NJOY.

ERROR IN RESERV#*xxPOINTER SEQUENCE ERROR

The directory at the start of the container array has probably been clobbered.
The normal source of this problem is a coding error that used A(I) as a
normal array with small values for I. Normally, a pointer is needed, as in
A(ILOC+I).
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ERROR IN RESERV***EXCEEDED MAXIMUM NUMBER OF ID-S
See NIDMAX in STORAG.

ERROR IN RESERV#***REQUESTED RESERVE OF ZERO WORDS
Check coding that called RESERV,

ERROR IN RELEAS#*#*#*ID---NOT DEFINED
Check coding and spelling.

ERROR IN RELEAS*»*ATTEMPT TO RELEASE MORE WORDS THAN STORED
Is self-explanatory. Check coding.

ERROR IN FINDEX***ID---NOT DEFINED
Check coding and spelling.

ERROR IN SIGFIG***IX IS BAD
ERROR IN SIGFIG***TOO MANY INNER ITERATIONS

The code has trouble truncating the number of significant figures.

MESSAGE FROM E1---X.LE.O, RESULT=+1.E38
The z value is illegal for the Ey(z) function.
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MESSAGE FROM GAMI---SECOND ARGUMENT NEGATIVE, RESULT=-1E38

MESSAGE FROM GAMI---ARGUMENTS FORCE RESULT OF +1E38
Parameters are illegal for incomplete gamma function y(a, z).

MESSAGE FROM GAM1i---ABS(ARG) TOO LARGE, RESULT=1E38

MESSAGE FROM GAM1---ARG NOT POSITIVE, RESULT=1E38
The = value is illegal for the gamma function I'(z).

L. Coding Details

The NJOY routine of the NJOY code starts with a “program” statement. This
type of statement is not standard in FORTRAN-77, and it may have to be changed
or omitted entirely for particular systems. As an example, the UPCTSS file of
changes for the CTSS operating system for Cray computers uses the program
statement to assign the system I/O units.

The code continues with a large block of comment cards that gives a short
description of the NJOY module and specifications for the user’s input lines. (The
term “card” is used out of respect for the past; this usage should not be taken
to imply that a real card that can be “folded, spindled, or mutilated” has to be
used.) These blocks of comments cards occur at the beginning of every NJOY
module. It is a good idea to check the input instructions in the comment cards for
the current version in order to see whether there have been any changes from the
input instructions reproduced in this manual.

The first step in the executable portion of the code is to set the constants in
the two global common arrays MAINIO and UTIL. The quantity NPAGE is the page
size used for blocked-binary ENDF records. It must be a multiple of 6 (since
most ENDF card images have 6 fields) and 17 (since Hollerith lines use the format
“16A4,A2”); therefore, a value of 306 was chosen. If a programmer should desire
to use larger pages, the line

NPAGE=(NPAGE/102)#*102

assures that the common divisors of 6 and 17 are preserved. The next few lines
of code define the system I/O units. They often have to be changed when moving
from system to system, and some systems require that explicit OPEN statements
be given for the system units. In addition, the unit assignments change between
batch and interactive input modes (see I0PT). Examples of some alternate versions
of this coding will be found in the various machine-dependent UPD files included
with the NJOY distribution.
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The next step is to print out the NJOY “banner,” and to read in the ENDF
version number. Note that for interactive mode, 2 message is written to the user’s
terminal “prompting” for the desired data. NJOY now starts an infinite loop, read-
ing in module names, and executing the requested module, until the name “STQP”
is read. Note that giving NJOY an incorrect module name is not fatal in interactive
mode; the code prompts the user for a new choice.

Subroutine BANNER is simple, but there are a few items that might have to be
changed when making a new version or transporting the code to a new system.
Updating IVERS was discussed in connection with UPD and the NJOY version-
control system. The LAB name can be changed at every NJOY site. Some large
computer systems, such as the Los Alamos National Laboratory facility, balance
loads by moving jobs to different computers. In this case, the user can call subrou-
tine MACH to fill in the MX parameter. The NJOY banner will then indicate which
machine was used for the run.

The default versions of ERROR and MESS simply write the one or two lines of
message characters to the appropriate units. The LENR function is used to measure
the real length of a FORTRAN-77 character string by removing trailing blanks.
By changing NSYSE, messages can be directed to the user’s terminal, to a standard
error unit, or left to appear on the output file only. The default fatal error exit
“STOP 77" can be changed to cause a “traceback” to the subroutine that called
ERROR, and backward through the stack of subroutines that called it. Also, some
systems can cause a drop file or “core” file to be generated for post-mortem analysis
with a debugging program. As discussed in Section I of this report, these kinds of
changes can be introduced using a machine-dependent ident in UPD.

Subroutine FREE was introduced into NJOY before the more standard READ#
command became widely available, and since FREE interfaces to the code differently
than READ*, NJOY has stayed with its tried and true method for reading free-
format input. The main loop over input cards goes through statement number
100. Each card is read in as 80 separate characters. The code then loops tl;rough
these characters looking for the start and end of the various types of fields allowed
by the FREE syntax. Numeric fields are turned into single-precision floating-point
numbers. String fields are turned into either single-precision or double-precision
Hollerith values, depending on the values of NCW and MACHWD. Subroutine PACKC is
used to insert characters into the accumulating Hollerith variables, and function

LETTER is used to check characters to see if they are numeric or alphabetic.

The next four routines in NJOY provide a uniform way of handling input and

output files. The unit numbers obey the following convention: zero means do
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nothing, negative means a binary unit, and positive means a coded unit (BCD,
ASCII, EBCDIC, etc.). Unit numbers between 10 and 19 are scratch files, which
will be automatically destroyed at the end. of the job. Therefore, REPOZ simply
takes the absolute value of the unit number and calls rewind if it is nonzero.
Similarly, CLOSZ takes the absolute value of the unit number and closes it if nonzero
and not a scratch file. Subroutine SKIPRZ skips forward with dummy reads of
the correct type for the sign of the unit, and it skips hackward with backspace.
Note that this can be very inefficient for some systems. For example, the VAX
executes backspace by first rewinding and then skipping forward by n—1 records.
Making successive calls to backspace as done in the “D0 130” loop would be very
expensive. It is better to rewind before calling SKIPRZ; then only forward skips
would be required to get to the desired record. Finally, subroutine OPENZ is used
to open files with the desired characteristics (that is, binary or formatted, new or
old, scratch or permanent). Standard FORTRAN-77 statements are used. Note
that the file names are constructed to have the forms TAPE20, TAPE21, etc. Scratch
files will have whatever names are standard for the system being used.

Subroutines TIMER, DATER, and WCLOCK provide standard interfaces to system
routines that normally have different names and return different kinds of answers
on different computer systems. The forms of the desired outputs are indicated in
the comment cards, and some examples of implementing these functions on various
computer systems are included as UPD machine-dependent idents in the NJOY
distribution.

As discussed in Section D of this chapter, NJOY uses files in ENDF-like formats
for most communications between modules. The routines CONTIO, LISTIO, TAB1I0,
TAB2I0, MOREIO, TPIDIO, HDATIO, and DICTIO are used to read, write, copy, or
convert the mode of binary or formatted records on these interface files. They all
have similar structures. First, records are read using binary or coded commands,
depending on the sign of the unit number. Then the records are written back
out, once again using a mode that depends on the sign of the unit number. Unit
numbers can be zero, in which case that unit is not used. Note that all fields
in records (except the identification fields like MAT, MF, and MT) are read and
written in single-precision real form in A. When these numbers are read, they are
converted into integers for the L1H, L2H, N1H, and N2H fields using the FORTRAN
nearest-integer function, NINT. If programmers choose to use a number in the
array A directly, they should be careful to make the same conversion. Subroutine
LINEIO is used by several of these routines to read or write a line of floating-point
numbers. It has two special features. First, any empty fields at the end of a line
are filled in with blanks using FORTRAN variable-format operations. These kinds
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of operations are not included in the ANSII standard, even though many compilers
allow them for backward compatibility. The second feature is the construction of
floating-point numbers without the normal FORTRAN “E” using subroutine CXFP.
Subroutine TABLIO is used by TAB110 and TAB2I0 to read and write ENDF-style
interpolation tables. Subroutine HOLLIO is used to read or write lines of Hollerith
information. Note that Hollerith data is represented using 17 fields per card, but
all other ENDF data uses 6 fields per card.

Subroutine CXFP simply breaks up the single-precision floating-point number X
into a fraction part F, a sign part S, and an exponent part N. The number of digits
in the fraction part depends on the number of digits in the sign part in order to
maximize the precision of the formatted representation of X. Subroutine LINEIO
does the actual work of writing these three values into the 11-column fields on the
output “cards.”

As discussed above, ENDF tapes are divided into materials, files, and sections
by special end cards with names like MEND, FEND, SEND, and TEND. The
subroutines TOSEND, TOFEND, TOMEND, and TOTEND can be used to move from the
current location to one of these end cards, optionally copying the records as they
go. Since these routines do not know the actual structure of the records, they
cannot change the mode of the data while copying. They simply read in a record,

write it out again if desired, and watch for the specified end card.

The parallel set of routines ASEND, AFEND, AMEND, and ATEND write one of the
requested end cards to one or two different output files using the mode defined
by the sign of the unit number. The NJOY convention is to use blanks for the
first 66 columns of formatted end cards in order to make them easy to see on
ENDF listings. The tapes as received from the National Nuclear Data Center
(NNDC) of the Brookhaven National Laboratory always have these fields filled in
with numerical values of zero. The MODER module automatically changes ENDF
tapes from the BNL convention to the NJOY one.

Subroutine FINDF is used very frequently in NJOY modules to search through
an ENDF-type tape for a desired section (MAT, MF, MT). Since the three numbers
that describe sections are always arranged in order, it is possible to search both
up and down. On entry, the routine reads the first card and decides if it has to
read up or down to find the desired section. It then continues by reading records
in the proper direction until it comes to the desired section. It then backs up by
one record so that the next read after the call to FINDF will read the first record
of the desired section. If the desired section is not found, a fatal error message

will be issued. FINDF can go into an infinite loop if the MAT number requested is
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smaller than the number for the first material on the tape (thus FINDF is moving
backwards) and the number in the MAT field on the tape identification record is
larger than the material number for the first material. Some systems have an “IF
(BOI)” function that can be used to detect when the tape is at the “beginning of

information.”

The LOADA/FINDA system was discussed in Section II-E. The data representa-
tion consists of a fairly large buffer array BUF of length NBUF. This buffer contains
a number of component blocks, each of length NA. Therefore, it is easy to compute
the location of any block using modular arithmetic on the block index I. If the
location is currently in the buffer array, the block can be read or written. Other-
wise, the associated scratch file NTAPE must be repositioned before being read or
written. The files NTAPE have to be written sequentially, but they can be searched
in any order. Subroutine SCANA takes advantage of this to locate the block whose
first element is closest to the input parameter E.

Subroutine TERP1 is used to interpolate between two points X1,Y1 and X2,Y2
using ENDF interpolation law I. The results for Y at X are given by simple formulas.
No tests are made for values that give illegal arguments for the FORTRAN log
and exponent functions. Therefore, fatal arithmetic errors from TERP1 are fairly
common. Going slightly out of order, GRAL is a routine that computes integrals
inside the endpoints of a segment represented using the ENDF interpolation laws.
Once again, simple formulas are used, and it is also possible to get arithmetic

errors from the log and exponent functions with this routine.

It is usually necessary to interpolate or integrate functions that involve more
than one panel of ENDF interpolated data. Most commonly, this occurs for data
in TAB1 format. If the TAB1 record is small enough so that it can fit into an array
A in memory, subroutine TERPA can be used to search for the panel that contains
X, and to interpolate for Y at X. Similarly, INTEGA can be used to compute the
integral from X1 to X2 by integrating over all the panels and parts of panels within
these limits. TERPA uses TERP1, and INTEGA uses GRAL.

NJOY works with some very large TAB1 records that cannot fit into memory.
For these cases, GETY1 and GETY2 can be used to interpolate for Y at X. Array A only
has to be big enough for one page of data (plus a little extra space for parameters
like C1H, N2H, and TABI1 interpolation tables). If the desired X is not in memory,
new pages of data are read from ITAPE until the desired value is found. The
subroutine then uses TERP1 to compute Y. Note that zero is returned if X is outside
the range of the table, and XNEXT=1.E10 when the last point is returned. GETY1
and GETY2 are almost identical so that numbers can be retrieved independently
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from two different input tapes at the same time.

Subroutine SIGFIG is used to control the precision of numbers in several NJOY
modules. This is a difficult problem because the true representation of numbers
in the machine is as non-terminating binary'fractions. In addition, different repre-
sentations for floating-point numbers are used in different computer systems, and
significant-figure truncation can be machine-dependent.

The NJOY variable-dimensioned storage package keeps its directory and all
the data in a large container array, IA. The format for the directory is given in the
following table:

I IA(I) Meaning

1 TAMAX length of array IA

2 NIDMAX maximum number of data IDs
3 NID current number of data IDs
4 IPR print flag

5 0 not used

6 NUSED max number of words used
7 ID data ID name #1

8 3xNIDMAX+7 pointer to data for ID #1
9 NWORDS length of data for ID #1
10 1D data ID name #2

11 INDEX pointer to data for ID #2
12

INDEX length of data for ID #2
N continue for additional IDs

The first step is to call STORAG, which initializes the directory table for the given
container array IA(TAMAX), maximum number of IDs expected NIDMAX, and print
flag IPR. All the ID directory fields are initialized to zero.

Subroutine RESERV can then be used to allocate storage for a particular data
block. The data-block names ID are limited to 4 characters so that single-precision
variables can be used on all machines. RESERV first tries to add the new name at
the top of the ID table (that is, after ID NID). If successful, the new data pointer
will be equal to the data pointer for ID NID plus the length of the data block for
ID NID. The directory fields for the new ID are filled in, NID is incremented, and
the pointer to the new data block is returned. The attempt to reserve a block
can be unsuccessful because there are no ID slots left (NID=NIDMAX) or because
there is not enough space left in the container array. In either case, the routine
drops down to statement number 130 to repack the container array. It does this
by going through the directory and searching for unused ranges of words in IA.
Unused ranges can result from entire IDs being released (see RELEAS) or from part
of the words in an ID being released. RESERV fills in the empty spaces by moving
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the contents of IA down with subroutine MOVE, and it updates the directory to
describe the new locations of the data blocks.

Subroutine RELEAS is used to change directory entries to indicate that all or
some of the words for a given ID or range of IDs have been released. Releasing
an entire ID causes the name to be cleared; releasing just part of an ID causes
NWORDS to be adjusted. Note that no data are moved by a call to RELEAS. Data
are repacked only when necessary in order to improve efficiency (see RESERV).

Subroutine USAG prints out a usage report at the end of a module. These
messages can be useful when trying to minimize the amount of memory used by
NJOY. Unfortunately, the STORAG package often reserves storage using NWORDS=-1,
which requests that all of the remaining storage be allocated to an ID. If this ID
is later released using NWORDS=0, there is no way for USAG to determine how much
storage was really used, and the reported value may be too small.

The data pointer for a new data block is reported when it is reserved, but if
repacking takes place, many of the pointers may change. Therefore, it is good
practice to call FINDEX whenever a pointer to a data block is needed. It simply
scans through the directory in IA until it finds the requested ID and returns the

associated pointer.

Subroutine LEGNDR is used to compute Legendre polynomials by recursion. The
formulas are as follows:

Py(z) = 1., )
P(z) = =z, (2)
Prgy(z) = (26— l)xP¢(zi._ (£—1)Ppy ’ )

where Py is stored in P(1), P; is stored in P(2), and so on.

There are several math routines that are needed in various NJOY modules;
they are placed in this level of the code for convenience. The functions E1, GAMI,
and GAM1 were taken from a Los Alamos National Laboratory math library and
rewritten using the NJOY coding standards. These routines are often available on
standard math libraries at large computer installations; it may be advantageous
to replace the calls to the internal versions with the optimized versions from the
external math library.

The standard CCCC binary sequential I/O routines REED and RITE are used
in CCCCR, MATXSR, and RESXSR. They are described in detail in CCCCR, Chapter
XIV of this manual.
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III. RECONR

The RECONR module is used to reconstruct resonance cross sections from
resonance parameters and to reconstruct cross sections from ENDF/B nonlinear
interpolation schemes. The output is written as a pointwise-ENDF (PENDF) tape
with all cross sections on a unionized energy grid suitable for linear interpolation to
within a specified tolerance. Redundant reactions (for example, total or inelastic)
are reconstructed to be exactly equal to the sum of their parts at all energies.
The resonance parameters are removed from File 2, and the material directory is
corrected to reflect all changes. RECONR has the following features:

¢ Efficient use of dynamic storage allocation and a special stack structure allow
large problems to be run on small machines.

e The unionized grid improves the accuracy, usefulness, and ENDF/B com-
patibility of the output. All summation cross sections are preserved on the
union grid.

e A correct directory of the output tape is provided.

e Approximate ¥x Doppler broadening may be used in some cases to speed
up reconstruction for narrow-resonance materials.

e A resonance-integral criterion is added to the normal linearization criterion
in order to reduce the number of points added to the tabulation to represent
“unimportant” resonances.

e All ENDF-6 formats are handled except Generalized R-Matrix parameters,
energy-dependent scattering radius, and the calculation of angular distribu-
tions from resonance parameters.

This manual describes RECONR in versions of NJOY through 91.91.

A. ENDF/B Cross Section Representations

A typical cross section derived from an ENDF/B evaluation is shown in Fig. 1.
The low-energy cross sections are “smooth”. They are described in File 3 (see Sec-
tion IL.D for a review of ENDF/B nomenclature) using cross-section values given
on an energy grid with a specified law for interpolation between the points. In the
resolved resonance range, resonance parameters are given in File 2, and the cross
sections for resonance reactions have to be obtained by adding the contributions
of all the resonances to “backgrounds” from File 3. At still higher energies comes
the unresolved region where explicit resonances are no longer defined. Instead, the
cross section is computed from statistical distributions of the resonance parame-
ters given in File 2 and backgrounds from File 3 (or optionally taken directly from
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Figure 1: A typical cross section reconstructed from an ENDF/B eval-
uation using RECONR. The smooth, resolved, and unresolved energy
regions use different representations of the cross sections. This is the
total cross section for 2*3U from ENDF/B-V.

File 3 as for smooth cross sections). Finally, at the highest energies, the smooth
File 3 representation is used again.

For light and medium-mass isotopes, the unresolved range is usually omitted.
For the lightest isotopes, the resolved range is also omitted, the resonance cross
sections being given directly in the “smooth” format. In addition, several different
resonance representations are allowed (for example, Single-Level Breit-Wigner,
Multilevel Breit-Wigner, Reich-Moore, and so on). It is the purpose of RECONR
to take all of these separate representations and produce a simple cross section
versus energy representation like the one shown in Fig,. 1.

B. Unionization and Linearization Strategy

Several of the cross sections found in ENDF/B evaluations are summation cross
sections (for example, total, inelastic, and sometimes (n,2n) or fission), and it is
important that each summation cross section be equal to the sum of its parts.
However, if the partial cross sections are represented with nonlinear interpolation
schemes, the sum cannot be represented by any simple interpolation law. A typical
case is the sum of elastic scattering (MT=2 interpolated linearly to represent a
constant) and radiative capture (MT=102 interpolated log-log to represent 1/v).
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The total cross section cannot be represented accurately by either scheme unless
the grid points are very close together. This effect leads to significant balance
errors in multigroup transport codes and to splitting problems in continuous-energy
Monte Carlo codes.

Furthermore, the use of linear-linear interpolation (that is, o linear in E) can
be advantageous in several ways. The data can be plotted easily, they can be inte-
grated easily, cross sections can be Doppler-broadened efficiently (see BROADR),
and, finally, linear data can be retrieved efficiently in continuous-energy Monte
Carlo codes.

Therefore, RECONR puts all cross sections on a single unionized grid suitable
for linear interpolation. As described in more detail below, RECONR makes one
pass through the ENDF/B material to select the energy grid, and then a second
pass to compute cross sections on this grid. Each cross section on the PENDF
tape (except for the summation cross sections) is exactly equal to its ENDF/B
value. The summation cross sections are then obtained by adding up the partial

cross sections at each grid point.

While RECONR is going through the reactions given in the ENDF/B evalua-
tion, it also checks the reaction thresholds against the Q value and atomic weight
ratio to the neutron A (AWR in the file) given for the reaction. If the condition

threshold > A—Z—l Q (1)

is not satisfied, the threshold energy is moved up to satisfy the condition (an
informative message is printed if the change exceeds 0.1%).

If desired, the unionized grid developed from the ENDF/B file can be supple-
mented with “user grid points” given in the input data. The code automatically
adds 1.E-5 eV, 0.0253 eV, and 20 MeV to the grid if they are not already present.

There are special problems with choosing the energy grid in the unresolved
range. In some cases, the unresolved cross section is represented using resonance
parameters that are independent of energy. The cross sections are not constant,
however, but have a shape determined by the energy variation of neutron wave
number, penetrability factors, and so on. RECONR handles this case by choosing
a set of energies (about 10 per decade) to be used to calculate the cross sections;
the set of energies gives a reasonable approximation to the result intended. For
evaluations that use energy-dependent resonance parameters, it is supposed to be
sufficient to compute the unresolved cross sections at the given energies and to

use interpolation on the cross sections to obtain the appropriate values at other
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energies. However, some evaluations carried over from earlier versions of ENDF/B
were not evaluated using this convention, and cross sections computed using cross-
section interpolation are not sufficiently accurate. RECONR. detects such cases by
looking for large steps between the points of the given energy grid. It then adds
additional energy grid points using the same 10-per-decade rule used for energy-

independent parameters.

C. Linearization and Reconstruction Methods

Linearization (LUNION) and resonance reconstruction (RESXS) both function
by inserting new energy grid points between the points of an original grid using
an “inverted stack”. The general concepts involved are illustrated with a simple

example shown in Fig. 2.

The stack is first primed with two starting values. For linearization, they will
be two adjacent points on the original union grid. For reconstruction, they will
usually be the peaks or half-height energies of resonances. The stack is said to be
inverted because the lower energy is at the “top” (I=2).

This interval or panel is now divided into two parts, and the cross section
computed at the intermediate point is compared to the result of linear interpolation
between the adjacent points. If the two values do not agree within various criteria,
the top of the stack is moved up one notch (I=3), and the new value is inserted
(I=2). The code then repeats the checking process for the new (smaller) interval
at the top of the stack. The top of the stack rises until convergence is achieved
for the top interval. The top energy and cross section are then saved on a scratch
file, the stack index is decremented, and the checks are repeated. This process is
continued with the top of the stack rising and falling in response to the complexity
of the cross section until the entire panel AE has been converged (I=1). The stack
is then reprimed with the bounds of the next panel. The process continues until
the entire energy range for linearization or reconstruction has been processed.

This stack logic enables a panel to be subdivided into parts as small as AE/2"
where n is the stack size (currently 20), and several different cross sections (elastic,
capture, fission) can easily be stored in arrays of this size. By contrast, RESEND
used several arrays 500 words long and sometimes ran out of storage while subdi-

viding between resonances.

Intervals are subdivided differently for linearization and resonance reconstruc-
tion. In the latter case, the interval is simply divided in half as in RESEND. For
linearization, the method developed by D. R. Harris for MINX! is used. Ana-
lytic formulas are used to choose the optimum intermediate point; this turns out
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Figure 2: Inverted-stack method used in RECONR and several other
places in NJOY. Line 1 shows the two initial points (the lower energy is
higher in the stack). In line 2, a new point has been calculated at the
midpoint, but the result was not converged, and the new point has been
ingerted in the stack. In line 3, the midpoint of the top panel has been
checked again, found to be not converged, and inserted into the stack.
The same thing happens in line 4. In line 5, the top panel is found to be
converged, and the top point (5) has been written out. The same thing
happens in line 6. In line 7, the top panel is tested and found to be not
converged. The midpoint is added to the stack. Finally, in line 8, the top
panel is found to be converged, and the top point is written out. This
leaves two points in the stack (see line 9). Note that the energy points
come off the stack in the desired order of increasing energy, and that only
one point has to be moved up in the stack as each new result is inserted.

-
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to be the energy where the slope of the actual interpolation function equals the
slope of the linear approximation. Formulas are provided for each of the nonlinear
ENDF/B interpolation laws: o linear in In(E); In(o) linear in E; and In(o) linear
in In(E).

The convergence criterion used for linearization is that the linearized cross
section at the intermediate point is within the fractional tolerance ERR (or a small
absolute value ERRLIM) of the actual cross section specified by the ENDF law.

More complicated criteria are used for resonance reconstruction.

There are two basic problems that arise if a simple fractional tolerance test is
used to control resonance reconstruction. First, as points are added to the energy
grid, adjacent energy values may become so close that they will be rounded to
the same number when a formatted output file is produced or when the machine-
dependent limit for decimal single-precision accuracy is reached. It clearly makes
no sense to continue to add grid points after this limit is reached. Through the use
of dynamic format reconstruction, the energy resolution available for formatted
NJOY output is 7 significant figures (that is, +1.234567 £ n) rather than the usual
5 or 6 (see Section II.D). On “short-word” machines (32-36 bits per word), the
limit set by precision is also about 7 significant figures. On “long-word” machines
(typically 60-64 bits per word), binary output files can be used, and NJOY can
produce up to 15 significant figures if necessary.

Significant-figure control is implemented as follows: each intermediate energy
is truncated to NDIGIT significant figures before the corresponding cross sections
are computed, and if the resulting number is equal to either of the adjacent values,
the interval is declared to be converged. Thus, no identical energies are produced,
but an unpredictable loss in accuracy results. The error in the area of this interval
is certainly less than 0.5x Ao XAE, so this value is added to an error estimate and
a count of panels truncated by the significant figure check is incremented for a
later informative diagnostic message.

The second basic problem alluded to above is that a very large number of reso-
nance grid points arise from straightforward linear reconstruction of the resonance
cross section of some isotopes. Many of these points come from narrow, weak,
high-energy resonances, which do not need to be treated accurately in many appli-
cations. As an example, the capture and fission resonance integrals important for
thermal reactors must be computed with a 1/E flux weighting. If the resonance
reconstruction tolerance is set high (say 1%) to reduce the cost of processing, the
resonance integrals will be computed to only 1% accuracy. However, if the recon-

struction tolerance were set to a smaller value, like 0.1%, and if the high-energy
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resonances (Whose importance is reduced by the 1/E weight and the 1/v trend of
the capture and fission cross sections) were treated with less accuracy than the
low-energy resonances, then it is likely that one could achieve an accuracy much
better than 1% with an overall reduction in the number of points (hence comput-
ing cost). Since 1/E weighting is not realistic in all applications (for example, in

fast reactors), user control of this “thinning” operation must be provided.

Based on these arguments, the following approach was chosen to control the
problem of very large files. First, panels are subdivided until the elastic, capture,
and fission cross sections are converged to within ERRMAX, where ERRMAX > ERR.
These two tolerances are normally chosen to form a reasonable band, such as 10%
and 0.5%, to ensure that all resonances are treated at least roughly (for example,
for plotting). If the resonance integral (1/E weight) in some panel is large, the
panel is further subdivided to achieve an accuracy of ERR (say 0.5%). However,
if the contribution to the resonance integral from any one interval gets small, the
interval will be declared converged, and the local value of the cross section will
end up with some intermediate accuracy. Once again, the contribution to the error
in the resonance integral should be less than 0.5xAoxAE. This value is added
into an accumulating estimate of the error, and a count of panels truncated by the

resonance integral check is incremented.

The problem with this test is that RECONR does not know the value of the
resonance integral in advance, so the tolerance parameter ERRINT is not the actual
allowed fractional error in the integral. Instead, it is more like the resonance
integral error per grid point (barns/point). Thus, a choice of ERRINT=ERR/10000
with ERR=0.001 would limit the integral error to about 0.001 barn if 10000 points
resulted from reconstruction. Since important resonance integrals vary from a few
barns to a few hundred barns, this is a reasonable choice. The integral check can
be suppressed by setting ERRINT very small or ERRMAX=ERR.

When resonance reconstruction is complete, RECONR provides a summary of
the possible resonance integral error due to significant figure reduction and the
integral check over several coarse energy bands. A typical example follows:

ESTIMATED MAXIMUM ERROR DUE TO

RESONANCE INTEGRAL CHECK (ERRMAX, ERRINT)
AND SIGNIFICANT FIGURE TRUNCATION (NDIGIT)

UPPER ELASTIC PERCENT ERROR CAPTURE PERCENT ERROR
ENERGY INTEGRAL RES-INT SIG-FIG INTEGRAL RES-INT SIG-FIG
1.65E+02
4.96E+02 7.4BE+00 .000 0.000 2.82E-02 .009 0.000
1.63E+03 5.94E+00 .000 0.000 1.71E-01 .002 0.000
5.20E+03 4.12E+00 .000 0.000 6.80E-03 .149 0.000
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1.73E+04 6.49E+00 .000 .000 1.61E-02 .134 .008
5.62E+04 9.66E+00 .001 .000 1.74E-02 . 200 .097
1.78E+05 4.20E+00 .004 .009 1.19E-02 .216 4.284
4 .00E+05 3.50E+00 .008 .007 6.64E-03 .267 5.268

POINTS ADDED BY RESONANCE RECONSTRUCTION = 12309

POINTS AFFECTED BY RESONANCE INTEGRAL CHECK = 6969
POINTS AFFECTED BY SIGNIFICANT FIGURE REDUCTION = 1262
POINTS REMOVED BY BACKTHINNING = 201

FINAL NUMBER OF RESONANCE POINTS = 12749

The last band covers the unresolved range, if present. The parameter NDIGIT
and the parameters ERRMAX and ERRINT, taken together, should be considered as
adjustment “knobs” that can increase or decrease the errors in their respective
columns to get an appropriate balance of accuracy and economy for a particular
application.

D. Resonance Representations

RECONR uses the resonance formulas as implemented in the original RESEND

code?

with four changes: a more efficient calculation of multilevel Breit-Wigner
cross sections developed by C. Lubitz of the Knolls Atomic Power Laboratory
(General Electric Co.) and coded by P. Rose of the National Nuclear Data Center
(NNDC) at Brookhaven National Laboratory, the addition of competitive widths
introduced for ENDF/B-V, a ¢¥x Doppler-broadening calculation for single-level
Breit-Wigner and Adler-Adler resonance shapes, and a capability to process either
the multilevel multichannel R-matrix Reich-Moore parameters or the multilevel
single-channel Hybrid R-Function parameters based on the work of M. Bhat and
C. Dunford of the NNDC. An expanded discussion of the following formulas can

be found in the ENDF/B-V and ENDF-6 format manuals.3: 4

1. Single-Level Breit-Wigner Representation (SLBW) The subroutine
that computes single-level Breit-Wigner cross sections (CSSLBW) uses

? Tar
+ z;zr:om,{[cos 2¢¢— (1 - T. )] ¥(6,z)
+ sin 2¢¢x(0,$)} , (2)
oy = ;ZUmrrTf:‘ ¥(0,z) , ()
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oy = XY omerE (6,2), and o
L r T

I

Op

4 .
Z k—i(% +1)sin%4, , (5)
¢

where o0,, 04, 0, and o, are the neutron (elastic), fission, radiative capture,
and potential scattering components of the cross section arising from the given
resonances. There can be “background” cross sections in File 3 that must be added
to these values to account for competitive reactions such as inelastic scattering or
to correct for the inadequacies of the single-level representation with regard to
multilevel effects or missed resonances. The sums extend over all the £ values
and all the resolved resonances r with a particular value of £. Each resonance is
characterized by its total, neutron, fission, and capture widths (T', T, Ty, T'y), by
its J value (AJ in the file), and by its maximum value (SMAX= 0y,, /T, in the code)

4r T»

where g7 is the spin statistical factor

2J+1
g.l—m, (7)

and I is the total spin SPI given in File 2, and k is the neutron wave number,

which depends on incident energy E and the atomic weight ratio to the neutron
for the isotope A (AWRI in the file), as follows:

k= (2.196771x10-3)A—i-T/E . (8)

There are two different characteristic lengths that appear in the ENDF resonance
formulas: first, there is the “scattering radius” @, which is given directly in File 2
as AP; and second, there is the “channel radius” a, which is given by

a=0.123AY240.08. (9)

If the File 2 parameter NAPS is equal to one, a is set equal to d in calculating
penetrabilities and shift factors (see below). The ENDF-6 option to enter an
energy-dependent scattering radius is not supported. The neutron width in the
equations for the SLBW cross sections is energy dependent due to the penetration

factors P; that is,

Py(E) Ty

Ipo(F) = 4, 10
B) = "RqE) (10
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where

P = p, (11)
3
p
- P 2
Pl 1+p2 ’ (1 )
5
p
_ 1
P2 9+3P2+P4’ (3)
o7
- d 14
Fs 225+ 45p2 + 6p1 4+ p6 2" (14)
°
P = (15)

11025 + 1575p2 + 135p% + 1005 + p® °

where E, is the resonance energy and p=ka depends on the channel radius or the
scattering radius as specified by NAPS. The phase shifts are given by

o = p, (16)

¢ = p—tan”'p, (17)
- -1 _3p

b2 = p-tan o7, (18)
. _1 18p = §?

¢3 = p—tan IISL—G,%’ and (19)
u -1 1055 ~105°

= -t 1

where p=ka depends on the scattering radius. The final components of the cross

section are the actual line shape functions 3 and x. At zero temperature,

1
Y= {72 (21)
x
X = m ) (22)
N i
Tz = ——————2(Er E) , (23)
e S1E.) - Se(E)
E:-_—Er"f' : LAY B I111.1' E'r ’ 24
2(P(ED D 34
in terms of the shift factors
So = 0, (25)
1
S1 = —1—:’7 ’ (26)
18 + 3p?
S; =
: 9+3p2+pt’ 27)
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675 + 90p? + 6p*
- d 28
53 925+ 4bp2 + 6p1 + p& 1 (28)
s - _ 44100 + 4725p% + 270p* + 10p° (29)

4 T 711025+ 1575p2 + 135p% + 10p6 + p8
To go to higher temperatures, define

b= — (30)

4kTE

A

where k is the Boltzmann constant and T is the absolute temperature. The line
shapes v and x are now given by

6z 0

P = YL g ReW(— 53) (31)

oI

and

0

x=Y"yg ImW(a” 5) (32)

wlﬂ

in terms of the complex probability function (see QUICKW, WTAB, and W, which came
from the MC? code®)

2
=) e—-t

W(z,y) = e~ erfe(—iz) = ;r_/

o0 Z2—1

dt (33)

where z=z+iy. The 1¥x method is not as accurate as kernel broadening (see
BROADR) because the backgrounds (which are sometimes quite complex) are
not broadened, and terms important for energies less than about 16kT/A are
neglected; However, the ¥x method is less expensive than BROADR. The current
version of RECONR includes Doppler-broadening for the single-level Breit-Wigner
and Adler-Adler representations only.

2. Multilevel Breit-Wigner Representation (MLBW) The Lubitz-Rose
method used for calculating multilevel Breit-Wigner cross sections (CSMLBW) is
formulated as follows:

I+2 I+s
oa(E) = ,cz}j > X wl-UZ(E), (34)

€ s={I-1| J=|l-s]

with

H 'I‘nr
Uma(B) = & Z El-E—il,/2’ (35)
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where the other symbols are the same as those used above. Expanding the complex

operations gives

. “’% I+s 9 2
on(E) = ‘—2; > X 91{(1_°°52¢“EF 1+z2)

=|1-L| J=li—s|
+ (sm 2¢¢ + E Lo 22, )2} (36)
[, 1+ z2 ’

where the sums over r are limited to resonances in spin sequence £ that have the
specified value of s and J. Unfortunately, the s dependence of T' is not known.
The file contains only T'y=T,, j+T,,s. It is assumed that the 'y can be used for
one of the two values of s, and zero is used for the other. Of course, it is important
to include both channel-spin terms in the potential scattering. Therefore, the

equation is written in the following form:

on(E) = %Z[Zw{(l—cosfl@—zlh'lfmz)z

+ (sm 26¢ +Z r" lf’z) }+ 2D,(1 — cos 2¢>¢)] » o (37)

where the summation over J now runs from
1 1
||I—£|—§|—>I+£+§, (38)

and D, gives the additional contribution to the statistical weight resulting from

duplicate J values not included in the new J sum; namely,

I+';‘ I4s I+t+;—
De = > Y w- > g (39)
s=|1-}| J=li-s| J=|lI-0]-4|
I+t+3
= (2+1) - > g;. (40)
J=[|1-¢-}|

A case where this correction would appear is the =1 term for a spin-1 nuclide.
There will be 5 J values: 1/2, 3/2, and 5/2 for channel spin 3/2; and 1/2 and 3/2
for channel spin 1/2. All five contribute to the potential scattering, but the file
will only include resonances for the first three.

The fission and capture cross sections are the same as for the single-level option.
The ¥ x Doppler-broadening cannot be used with this formulation of the MLBW

representation.
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. 3. Adler-Adler Representation (AA) The multilevel Adler-Adler repre-
sentation is defined for £=0 only. It is useful for fissionable materials. The total

cross sections are given by

4
Ut(E) k: sin ¢0

”k_\/z_f_{z %[(G, cos 260 + H, sin 2¢0) %(6, z)

+ (H,cos2¢o — Gy sin 2¢0) x(9, a:)]

Az A4 2
+ A+E+E‘5+E+B‘E+32E}’ (41)
where B
_ Hr —
T== (42)

and where v, is the resonance half-width (corresponds to I'/2 in the Breit-Wigner
notation), p, is the resonance energy, G is the symmetric total parameter, H, is
the asymmetric total parameter, and the A; and B; are coefficients of the total
background correction.

. The fission and capture cross section both use the form
W\/E 1
o.(E) = —kr{z — [G,¥(8,z) + H.x(0, )]
A2 2
b oM A S S BB B (43)

where the values of G, H, A;, and B; appropriate for the desired reaction are used.

Doppler-broadening can be applied as for the SLBW case, except note that
T, in Eq. (24) must be replaced with 2v,. Doppler-broadened Adler-Adler cross
sections are more accurate than SLBW cross sections because the background is
smoother. However, cross sections below about 16kT/A will still be inaccurate.

4. Reich-Moore Representation (RM) The Reich-Moore representation is
a multilevel formulation with two fission channels; hence, it is useful for both

structural and fissionable materials. The cross sections are given by

oy = i—: ZZQJ{(I ~ReUY )+ 2dpy[1 - 005(296!)]} ) (44)
¢ 7

. On = ;:r—z 2 ZQJ{U ~ UL +2do1 - COS(2¢5)] ; (45)
t J
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of = EZQJEII” 2 (46)

oy = O't—Un-O'f, (47)
where Z,,. is an element of the inverse of the complex R-matrix and
UL, = e¥be (9T, — 1] . (48)

The elements of the R-matrix are given by

tJ i 142 ‘1:r/2
RY=6,, -y ——M T, 49
nc c 2¥Er—E—%rqr ( )

In these equations, “c” stands for the fission channel, “r” indexes the resonances
belonging to spin sequence (£, J), and the other symbols have the same meanings
as for SLBW or MLBW. Of course, when fission is not present, oy can be ignored.
The R-matrix reduces to an R-function, and the matrix inversion normally required

to get Z,, reduces to a simple inversion of a complex number.

As in the MLBW case, the summation over J runs from

1 1

III—£|—§|—>I+E+§. (50)
The term d¢y in the expressions for the total and elastic cross sections is used to
account for the possibility of an additional contribution to the potential scattering
cross section from the second channel spin. It is unity if there is a second J value
equal to J, and zero otherwise. This is just a slightly different approach for making
the correction discussed in connection with Eq. (40). Returning to the I=1, £=1
example given above, d will be one for J=1/2 and J=3/2, and it will be zero for
J=5/2.

ENDF-6 Reich-Moore evaluations can contain a parameter LAD that indicates
that these parameters can be used to compute an angular distribution for elastic
scattering if desired (an approximate angular distribution is still given in File
4 for these cases). The current version of RECONR does not compute angular
distributions.

5. Hybrid R-Function Representation (HRF) The Hybrid R-Function
representation, treats elastic scattering as a multilevel cross section using formulas

similar to those given above for the Reich-Moore forinat in the case where fission
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is absent. The other reactions are treated with formulas similar to those of the
SLBW method. The main use for this format is to provide a better representation
of competitive reactions than is provided by any of the other formats described
above. This treatment can include a background R-function, tabulated charged-
particle penetrabilities, and optical model phase shifts. Following the Reich-Moore
notation, the elastic cross section is given by

I+;_ I4+s

=gz > > alt-URP, (51)

where the U function is given by the scalar version of Eq. (48):

)
UL = e | T 1] . (52)
nn

The R function itself is given by

?

T :
5 Y — T —iPuiRy,y , (53)

LsJ
St DDy iy T
where RY, ; is a (complex) background R function and Py, is a penetrability factor.
The background R function can either be read in or set to zero. The penetrability
and shift factors are computed from the scattering radius or channel radius as for
SLBW. The phase shifts ¢,,5 can be computed from the scattering radius as before,
or the (complex) phase shifts can be read in from an optical model calculation.

Note that resonance parameters are given explicitly for all three quantum num-
bers ¢, s, and J. No correction to the potential scattering cross section from
repeated J values is needed.

Elastic angular distributions can also be computed from HRF parameters if the
LAD parameter is set; however, RECONR does not yet support the calculation
of angular distributions. Infinitely dilute cross sections in the unresolved-energy
range are computed in CSUNR1 or CSUNR2 using average resonance parameters and
probability distributions from File 2. With the approximations used, these cross
sections are not temperature dependent; therefore, the results are a good match to
resolved resonance data generated using TEMPR>0. The formulas used are based
on the single-level approximation with interference.

212 qJ =2 = .
an(E) = 0p + 72" tEJ '—D=[Fan - 2rn Slnz ¢(] ’ (54)

RECONR 1I-15




2
O'x(E) = %2 %_nrsz , and (55)
¢,J

4 .
op = 75 2‘:(28 +1)sin ¢y, (56)

where z stands for either fission or capture, T; and D are the appropriate average
widths and spacing for the £,/ spin sequence, and R; is the fluctuation integral
for the reaction and sequence (see GNRL). These integrals are simply the averages
taken over the chi-square distributions specified in the file; for example,

)
/ dz,P,(2n) / dz ;P,(z;) / dz.Py(zc) (57)

Ln(zn) Ts(zs)
Tn(zn) + Ts(zs) + Ty + Te(ze) (58)

fnf f R;

where P,(z) is the chi-square distribution for p degrees of freedom. The integrals
are evaluated with the quadrature scheme developed by R. Hwang for the MC2-2
codef giving

QY QY
R =S"wW:S WYy w = A _—. 59
=2 X,: EDDULS e T v oo (59)

The W} and Q¥ are the appropriate quadrature weights and values for 1 degrees
of freedom, and I, is assumed to be constant (many degrees of freedom). The
competitive width T, is assumed to affect the fluctuations, but a corresponding
cross section is not computed. The entire competitive cross section is supposed to
be in the File 3 total cross section as a smooth background.

It should be noted that the reduced average neutron width (AMUN) is given
in the file, and
T, = ILVEVi(E), (60)

where the penetrabilities for the unresolved region are defined as

Vo =1, (61)
p?
i = 157 and (62)
pt
Vo = —————. 63
2 p+3p%+pt (63)

Other parameters are defined as for SLBW.
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Unresolved parameters can be given as independent of energy, with only fission
widths dependent on energy, or as fully energy dependent. The first two options
are processed in CSUNR1, and the last one is processed in CSUNR2.

E. Code Description

The flow of this module is controlled by the RECONR routine. The first step is
to read cards 1, 2, and 3 of the user’s input. The TAPEID record of the input
tape (NENDF) is read and printed, then the new TAPEID record is written to the
output tape (NPEND). RECONR is now ready to enter the loop over the desired
materials.

For each material, STORAG is used to allocate space for the energy nodes and
for scratch storage (ENODE, SCR), and RUIN is called to read cards 4 through 7 of
the user’s input. Subroutine RUIN automatically adds the ENDF energy limits
of 1E-5 eV and 20 MeV and the thermal energy 0.0253 eV to any energy grid
points entered by the user. If the reconstruction temperature (TEMPR) is greater
than zero, a table of 1 and x functions is generated (the W table; see WTAB and
QUICKW). The FINDF utility subroutine is then used to find the first card of File 1
(MF=1,MT=451) for the desired material.

File 1 on the input ENDF tape is examined to obtain certain constants and
flags and to analyze the directory (ANLYZD). Subroutine ANLYZD determines which
reactions should be considered “redundant”; that is, the reactions that are sums
of other reactions and will be included on the output PENDF tape. The total
cross section (MT=1 for neutrons, MT=>501 for photons) will always be included;
the nonelastic cross section (MT=3) will be included if it is needed for photon
production (that is, MF=12, MT=3 is found); the inelastic cross section (MT=4)
will be included if sections with MT in the range 51-91 occur in the file, and
the total fission reaction (MT=18) will be called redundant if the partial fission
representation (MT=19, 20, 21, 38) is found. Space for the new material directory
is then reserved (MFS, MTS, NCS). Section identification and card counts will be

entered into these arrays as they are determined.
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The next step is to read File 2, which contains resolved and unresolved reso-
nance parameters (if any). The array RES is assigned to contain the File 2 data and
RDFIL2 is called to read them. While the resonance parameters are being stored,
RECONR adds each resonance energy to its list of energy nodes (ENODE). In the
unresolved energy range, RECONR uses the energies of tabulated parameters or
fission widths if available. If the evaluation uses energy-independent parameters,
or if the energy steps between the nodes are too large, RDFIL2 creates additional
node energies at a density of approximately 10 points per decade. Note that re-
gions where the unresolved representation for an element overlaps the resolved or
smooth ranges are found and marked by negative energy values. The energy nodes
are sorted into order and duplications are removed. When control is returned to
RECONR, any unused space in the RES array is released to be made available for
other uses.

If unresolved data is present, subroutine GENUNR is called to compute the
infinitely-dilute unresolved average cross sections on the unresolved energy grid
using CSUNR1 or CSUNR2. Any backgrounds on File 3 are included, except in re-
gions of resolved-unresolved or unresolved-smooth overlap. The computed cross
sections are arranged in the order required by the special section with MF=2 and
MT=152, which is written onto the PENDF tape by RECOUT. Using the normal
ENDF style, this format is defined by the following:

(MAT,2,152/ZA,AWR,LSSF,0,0, INTUNR]HEAD

[MAT,2,152/0.,0.,5,1,NW ,NUNR/
E1,STDT1,SELAS1,SFIS1,SCAP1,STRN1,
E2,STOT2,SELAS2,SFIS2,SCAP2,STRN2,

ENUNR,STOTNUNR, ....]LIST

where NW=6+6*NUNR. The definitions of the energy and cross section entries are
fairly obvious, except STRN stands for the current-weighted total cross section. This
format is specialized to “infinite dilution.” The more general form used for self-
shielded effective cross sections will be described in the UNRESR and GROUPR

chapters of this manual.

The subroutine LUNION is used to linearize and unionize the ENDF data. Space
is reserved for two buffers to be used by LOADA/FINDA and for the linearization
stack (X and Y). The length of the stack (NDIM) determines the smallest possible
subdivision of each panel (energy points as close as 27NPI times the panel width
can be generated). Since the number of energies in the union grid may soon
exceed the capacity of any reasonable memory array, the existing list of energy
nodes is copied to binary scratch storage (the LOADA/FINDA). This storage system
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consists of the buffers BOLD and BNEW and the scratch units IOLD and INEW. The
energy grid points will “ping-pong” back and forth between units 14 and 15 as the
unjon grid is built up. Subroutine LUNION now starts with MT=2 and checks each
reaction in sequence to determine whether the current grid (on IOLD) is sufficient
to represent the reaction to within the desired tolerance using linear interpolation.
If not, RECONR uses ISLIN1 to select the optimum points to be added to the
new grid (on INEW). The units INEW and IOLD are swapped, and the next MT
is processed. When all nonredundant reactions have been examined, the list of
energies in LOADA/FINDA storage is the desired linearized and unionized grid. The
storage used is released.

This grid is used as the starting point for resonance reconstruction in RESXS.
Subroutine RESXS first reserves space for the LOADA/FINDA buffers BUFR and BUFG,
the linearization stack (X and Y), and the partial cross sections (SIG). The length
of the stack (NDIM) determines the smallest possible subdivision of a panel between
two nodes (energy points as close a 27 ¥ times the panel width can be generated).
Subroutine RESXS then examines the grid on NGRID (IOLD from LUNION) panel by
panel. Grid points are added and cross sections computed until the convergence
criteria discussed in Section C are satisfied. The cross sections are copied to NOUT
using LOADA, and RESXS continues to the next panel. This procedure is continued
until all panels are converged. The result is a tape (NOUT) containing the energy
grid in the resonance region and the total, elastic, fission, and capture cross sections

at each energy point.

Unionization is obtained automatically in the resonance region since the three
partials are computed simultaneously in SIGMA. This routine calls CSNORP if there
are no resonance parameters, CSSLBW for single-level Breit-Wigner parameters,
CSMLBW for multilevel Breit-Wigner parameters, CSAA for multilevel Adler-Adler
parameters, CSRMAT for Reich-Moore parameters, CSHYB for Hybrid R-Function
parameters, and SIGUNR for unresolved resonance parameters. This last routine
retrieves the cross sections from the table prepared by GENUNR. A special feature
of RECONR is the ability to reconstruct the cross sections at TEMPR by 1 x broad-
ening if single-level Breit-Wigner (SLBW) or Adler-Adler (AA) parameters are
given. The Doppler-broadened resonance shapes are obtained using QUICKW (see
description in UNRESR) in CSSLBW or CSAA and the linearization procedure
proceeds as before.

The resonance cross sections on NGRID are merged with the ENDF cross sections
in EMERGE. First, the background grid from LUNION is merged with the resonance
grid from RESXS and written onto the LOADA/FINDA file, which will accumulate
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the total cross section and any other redundant reactions required (I0LD/INEW).
A loop is then set up over all nonredundant reactions. For each grid point, the
ENDF background cross section is obtained by interpolation. If this grid point has
a resonance contribution on NRES, it is added. The resulting net cross section at
this point is added into the appropriate redundant cross sections on I0LD/INEW and
also saved on NGRID. When all the energies for this reaction have been processed,
the cross sections on NGRID are converted into a TAB1 record and written on NSCR.
This loop is continued until all reactions have been processed. When EMERGE is
finished, NSCR contains cross sections for all the nonredundant reactions, and IOLD

contains the redundant summation reactions.

Control now passes to RECOUT, which writes the new File 1 comments and dic-
tionary. It also writes a default version of the section with MF=2 and MT=151
that gives no resonance parameters. The upper limit of the resolved energy range,
ERESH, is added to the “C2” field of the third card so that BROADR knows
not to broaden into the unresolved energy range. For materials with unresolved
data, a specially formatted section (MF=2, MT=152) is written containing the
infinitely-dilute unresolved cross sections. This section can be used by BROADR
and GROUPR to correct for resolved-unresolved overlap effects, if necessary. Sub-
routine RECOUT then steps through the reactions on NSCR and IOLD. Redundant
reactions are converted to TABI records and inserted in the correct order. Nonre-
dundant reactions are simply copied. Finally, a MEND record is added and control
is returned to RECONR.

Now RECONR either directs that this process be repeated for another isotope or
writes a TEND record and terminates. The result is a new tape in ENDF format
containing the desired pointwise cross sections. Note that only Files 1, 2, 3, 10,
and 13 are included for neutron tapes. Only Files 1 and 23 are included for photon
tapes.

F. Input Instructions

The input instructions for each module are given in the code as comment cards
at the beginning of the source code for each module. The RECONR instructions

are reproduced here for the convenience of the reader.

#-~~INPUT SPECIFICATIONS (FREE FORMAT)
*
* CARD 1

* NENDF UNIT FOR ENDF/B TAPE

* NPEND UNIT FOR PENDF TAPE

* CARD 2

* LABEL 66 CHARACTER LABEL FOR NEW PENDF TAPE

® X N # X ¥ ¥
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* DELIMITED WITH *, ENDED WITH /.
* CARD 3
MAT MATERIAL TO BE RECONSTRUCTED
NCARDS  NUMBER OF CARDS OF DESCRIPTIVE DATA FOR NEW MFi
(DEFAULT=0.)
NGRID NUMBER OF USER ENERGY GRID POINTS TO BE ADDED.
(DEFAULT=0.)
CARD 4
ERR FRACTIONAL RECONSTRUCTION TOLERANCE USED WHEN

RESONANCE-INTEGRAL ERROR CRITERION (SEE ERRINT)
IS NOT SATISFIED.

TEMPR RECONSTRUCTION TEMPERATURE (DEG KELVIN)
(DEFAULT=0.)

NDIGIT NO. SIGNIFICAKT DIGITS (DEFAULT=7)

ERRMAX  FRACTIONAL RECONSTRUCTION TOLERANCE USED WHEN
RESONANCE-INTEGRAL ERROR CRITERION IS SATISFIED
(ERRMAX.GE.ERR, DEFAULT=20.#*ERR)

ERRINT  MAXIMUM RESONANCE-INTEGRAL ERROR (IN BARNS)

PER GRID POINT (DEFAULT=ERR/10000)

(NOTE: THE MAX CROSS SECTION DIFFERENCE FOR

LINEARIZATION, ERRLIM, AND FOR RECONSTRUCTION,

ERRMIN, ARE ALSO TIED TO ERRINT. TO GET MAXIMUM

ACCURACY, SET ERRINT TO A VERY SMALL NUMBER.

FOR ECONOMICAL PRODUCTION, USE THE DEFAULTS.)
CARD b

CARDS NCARDS OF DESCRIPTIVE COMMENTS FOR MT451

EACH CARD DELIMITED WITH *, ENDED WITH /.
CARD 6
ENODE USERS ENERGY GRID POINTS
CARDS 3, 4, 5, 6 MUST BE INPUT FOR EACH MATERIAL DESIRED
MAT=0/ TERMINATES EXECUTION OF RECONR.

LA B B B B AR BE IR IR BE R BN B B B O N R I I I I WY
LA I B B B B B B B K BE NN BN N NE N R I IR I R I N S R K I O X )

REEESRRRRRRRR kR R RR Rk kk kR bk kb kR kR Rk Rk Rk kkok kR ke kkkkkkkk kg

A sample input for processing two isotopes from ENDF/B-IV Tape 407 follows
(the line numbers are for reference only and are not part of the input):

1. 0
2. 4

3. RECONR

4. 20 -21

6. =*PENDF TAPE FOR U-235 AND PU239 FROM T407%/
6. 1261 2/

7. .008/

8. *92-U-235 FROM T407*/

9. *PROCESSED WITH NJOY*/

10. 1264 2/

11. .005/

12. *94-PU-239 FROM T407#*/

13. *PROCESSED WITH NJOY*/

14, 0o/
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Card 4 tells RECONR that the input ENDF tape (Tape 407) will be on unit
20, and that the output PENDF tape will be on unit 21. Because of the minus
sign, the PENDF tape will be in NJOY blocked-binary mode. The first MAT
number (1261 for U-235) is given on Card 6, and the second one (1264 for Pu-239)
is on card 10. In both cases, the reconstruction tolerance is 0.5% and the default
integral thinning parameters are taken. Note the “0/” in line 14 that terminates
the RECONR portion of the run. The resulting PENDF tape will contain the
desired TAPEID card, followed by U235, a MEND card, PU-239, a MEND card,
and a TEND card.

G. Error Messages
ERROR IN RECONR***ILLEGAL NSUB FOR RECONR

RECONR only processes sublibraries that contain cross section data. Check
whether the right input ENDF input tape was mounted.

ERROR IN RUINA***ILLEGAL NDIGIT

Value must be between 1 and 15 on a long-word machine, or between 1 and
7 on a short-word machine.

ERROR IN ANLYZD#*%*T00 MANY REDUNDANT REACTIONS
Increase the size of MTR(10) in /JRECON/ and increase MTMAX=10 in RECONR.

ERROR IN RDFILE2*%*STORAGE IN ENODE EXCEEDED

Too many energy nodes including the user’s nodes and the energies from
MF=2. Increase NODMAX in RECONR.

ERROR IN RDFIL2***STORAGE IN A EXCEEDED

Too much resonance data. The main container array is too small. Increase
/RSTORE/ and JX in RECONR or decrease buffer sizes NBUFG, NBUFR, or NBUF.

ERROR IN RDFIL2***STORAGE IN EUNR EXCEEDED.
The limit MAXUNR=200 has been exceeded.

ERROR IN RDFIL2***MLBW FICTITIOUS J VALUES NOT ALLOWED.

This reflects an error in the evaluation.

ERROR IN RDFIL2***xENERGY-DEPENDENT SCATTERING RADIUS NOT CODED.

This option is not coded, nor is it allowed in ENDF/B-VI. Other national
files may have different procedures.

MESSAGE FROM RDFIL2#***CALCULATION OF ANGULAR DISTRIBUTION NOT...
This option is not yet available in RECONR.

ERROR IN RDFIL2**xHYBRID COMPETING REACTIONS NOT YET ADDED
This option is not yet avajlable in RECONR.
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ERROR IN LUNION**xILL BEHAVED THRESHOLD

The routine is having trouble adjusting the threshold to agree with the Q
value. Check the points near the threshold for this evaluation.

ERROR IN LUNION***EXCEEDED STACK
Increase length of linearization stack NDIM (currently 20).

ERROR IN ISLIN1***Xi=--- GE X2=---

The interpolation interval is bad.
ERROR IN ISLINi#*%%XM=--- LE Xi=---

ERROR IN ISLINi*%%XM=~-~ GE X2=---

Desired point is outside the interpolation range.

ERROR IN RESXS***STACK EXCEEDED

Increase length of reconstruction stack NDIM (currently 20).

ERROR IN SIGMA**xGENERAL R-MATRIX NOT INSTALLED.
This option is not yet available in RECONR.

ERROR IN SIGMA***ILLEGAL OPTION.
There is a problem with the ENDF tape.

ERROR IN CSMLBW***NOT CODED FOR TEMPERATURE GT O DEG K

The ¥ x Doppler-broadening option is only coded for single-level Breit-Wigner
and Adler-Adler resonance parameters. Use TEMPR=0. only.

ERROR IN CSRMAT***NOT CODED FOR TEMPERATURE GT O DEG K

The ¥x Doppler-broadening option is only coded for single-level Breit-Wigner
and Adler-Adler resonance parameters. Use TEMPR=0. only.

ERROR IN CSHYBR***DOPPLER BROADENING NOT PROVIDED FOR HYBRID

The ¥ x Doppler-broadening option is only coded for single-level Breit-Wigner
and Adler-Adler resonance parameters. Use TEMPR=0. only.

ERROR IN CSAA***BAD LI VALUE

There is an error in the evaluation format.

MESSAGE FROM EMERGE---NEGATIVE ELASTIC CROSS SECTIONS FOUND

Negative elastic cross sections can occur for SLBW evaluations.

ERROR IN RECOUT#***FOR MF --- MT ---

Indexing and pair count for this section do not make sense.
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H. Input-Output Units

The following logical units are used:

10  NSCR1 in RECONR, NOUT in LUNION, and NIN in EMERGE. Contains copy
of nonredundant sections from original ENDF tape.

11 NSCR2 in RECONR; NGRID in LUNION, RESXS, and EMERGE. Contains union
grid for ENDF tape (not counting resonances).

12  NSCR3 in RECONR, NOUT in RESXS, and NRES in EMERGE. Contains reso-
nance grid and cross sections.

13  NSCR4 in RECONR is used for two separate purposes. In RESXS it is a bi-
nary scratch file NSCR used for the unthinned resonance data. In EMERGE
and RECOUT, it is NMERGE and contains the nonredundant reactions on
the union grid.

14/15  IOLD/INEW in LUNION. Are used locally only to accumulate union grid
for ENDF cross sections. Destroy after use.

14/15  IOLD/INEW in EMERGE. Are used locally only to accumulate summation
cross sections on union grid.

20-99 User’s choice for NENDF and NPEND to link RECONR with other
NJOY modules.

5,6,7 See the NJOY chapter for a description of the I/O units.

Note that 11, 12, 14, and 15 are always binary. Unit 10 has the same mode as
NENDF. Unit 13 is binary when used in RESXS, and it has the same mode as
NPEND elsewhere. NPEND can have a different mode than NENDF.

I. Storage Allocation

Storage allocation in RECONR is sensitive to (1) the amount of resonance
parameter data, (2) the size of the resonance reconstruction stack, (3) the use
of ¥x broadening, and (4) the sizes of the LOADA/FINDA buffers. Other storage

requirements are minor.

Buffer sizes can be reduced or increased at will. The result is a storage/speed
tradeoff with no change in capability or accuracy. See NBUFG=2000, NBUFR=2000,
and NBUF=2000 in RECONR.

The 1 x broadening option requires 7688 words of additional storage. Therefore,
the container array in /RSTORE/ can be reduced significantly if ¥x is not required.
No code changes are needed—just avoid TEMPR greater than zero.

Resonance reconstruction in RESXS uses 5XNDIM words. The parameter NDIM
determines the smallest subdivision of a panel that can be obtained. Using NDIM=20
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allows points to be generated with spacing as small as one-millionth of the panel
size (220).

J.
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IV. BROADR

BROADR generates Doppler-broadened cross sections in PENDF format start-
ing from piecewise linear cross sections in PENDF format. The input cross sections
can be from RECONR or from a previous BROADR run. The code is based on
SIGMA1l by D. E. Cullen. The method is often called “kernel broadening” be-
cause it uses a detailed integration of the integral equation defining the effective
cross section. It is a fully accurate method, treating all resonance and nonres-
onance cross sections including multilevel effects. BROADR has the following
features:

e An alternate calculation is used for low energies and high temperatures that
corrects a numerical problem of the original SIGMA1. (This problem has
been corrected in another way in later versions of SIGMA1.)

e Variable dimensioning is used, which allows the code to be run on large or
small machines with full use of whatever storage is made available.

e All low-threshold reactions are broadened in parallel on a union grid. This
makes the code run faster than the original SIGMAI1.

¢ The union grid is constructed adaptively to give a linearized representation
of the broadened cross section with tolerances consistent with those used in
RECONR. Energy points may be added to or removed from the input grid
as required for the best possible representation.

e Binary input and output can be used. This roughly halves the time required
for a typical run on some computer systems, and it allows the full accuracy
of the machine to be used.

e The summation cross sections—total, nonelastic, and sometimes fission or
(n,2n)—are reconstructed to equal the sum of their parts.

e The file directory (actually an index to the reactions present) is updated.

A. Doppler-Broadening Theory

The effective cross section for a material at temperature T is defined to be that
cross section that gives the same reaction rate for stationary target nuclei as the

real cross section gives for moving nuclei. Therefore,
po7(o,T) = [ dv'plv =Vl o(lv - V') PV, T), (1)

where v is the velocity of the incident particles, v’ is the velocity of the target,
p is the density of target nuclei, o is the cross section for stationary nuclei, and
P(v',T) is the distribution of target velocities in the laboratory system. For many
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cases of interest, the target motion is isotropic and the distribution of velocities
can be described by the Maxwell-Boltzmann function

3/2

PV, T)dv' = :/ exp(—av'?)dv’ , (2)

where a = M/(2kT), k is Boltzmann’s constant, and M is the target mass.

Equation 1 can be partially integrated in terms of the relative speed V = [v—v/|
to give the standard form of the Doppler-broadened cross section:

7(v) = / 4V o(V) V2 {emeV W _ eV} @3)

¢1/2 2

It is instructive to break this up into two parts:

o(v) = o*(v) — o*(-v), (4)

where
) = S [V o) VEeo (5)

The exponential function in Eq. (5) limits the significant part of the integral to
the range

4 <V<ov+ 4

Va Vo'

For o*(—v), the integral depends only on velocities satisfying
0<V < i

N
These results can be converted to energy units using

1 2 16kT
™ = A

Some examples are given in Table I. Doppler-broadening effects will be important
below this energy and for any features such as resonances, thresholds, or artificial
discontinuities in evaluations that are not slowly varying with respect to 2y/E. E.
As an example, for 235U at 100 eV, Doppler effects are important for features
smaller than about 0.8 eV.

The numerical evaluation of Eq. (5) developed for SIGMA1 assumes that the
cross section can be represented by a piecewise linear function of energy to accept-
able accuracy. This is just the form of the NJOY PENDF tapes (see RECONR).
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Table 1: Energy Parameter for Effective Doppler-Broadening

Target Temperature Energy Parameter (E.)

H, 300 K 0.2 eV
U-235 300 K 0.0017 eV
U-235 1.0 keV 69 eV

Defining the reduced variables y = \/az and = = vaV, the cross section becomes
o(z) = 0i + si(z® - zf) (6)
with slope s; = (0141 — 03)/(z3,; — z?). Eq. (5) can now be written as
1 XM omin 3
o*(y) = W;/;i o(z) g% (V' dg = ;{Ai [0: — sizl] + Bisi},  (7)

where

g = 0 L]
IN$1 = OO0,
1 2
A‘ = FH2+§H1+H0 3 a'nd
1 4
B, = y_2H4+§H3+6H2+4yH1+y2H0 ’

and where H,, is shorthand for H,(z;—y,zi+1—y). The extrapolations to zero
and infinity assume a constant cross section (sg=sy=0). The H functions are the
incomplete probability integrals defined by

1 b e
H,(a,b) = ﬁ/‘; 2"e”¥ dz . (8)
These functions can be computed in two ways. First,
H,(a,b) = F,(a) — F,(b), (9)

where

Fa(a) = % / T ore T dz (10)
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These functions satisfy a recursion relation that can be used to obtain

Fo(a,)A = %erfc(a) , (11)
Fi(a) = 2\/_ ——exp(—a?), and (12)
(&) = 2 Fa@+ @A), (13)

where erfc(a) denotes the complementary error function

erfc(a) = 2 /oo e dz (14)
=7, .
However, when F,(a) = F,(b), the difference in Eq. (8) may lose significance. In

such cases, Hy(a,b) can be computed by a second method based on a direct Taylor
expansion of the defining integral.2 Write

Ha(a,b) = % /0 ez — / ne=dz = Gn(b) — Gn(a) .  (15)

But by Taylor’s Theorem,

Gn(b) — Gn(a) = b t@)+ ...+ g-)%)mGS,’")(a) TR (16)
Also, .
G™)(z) = e [m"e"z] —e P (z), (17)

where P™(z) is a polynomial with recursion relation
m d m—1 m—1
P (z) = P (z) - 2z P (), (18)

with P! = z™. From this point, it is straightforward to generate terms until the
desired number of significant figures is obtained.

When interpreting BROADR output, it is useful to remember several impor-
tant features of the Doppler-broadening process. A 1/v cross section remains
unchanged. Contrary to “popular knowledge”, the area under a resonance does
not remain unchanged unless E > kT/A. In fact, each resonance develops a new
1/v tail. Finally, a constant cross section (for example, elastic scattering) develops
a 1/v tail at low energies after Doppler-broadening. These effects are shown in
Figs. 1, 2, and 3; they can be best understood by noting that the Doppler process
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Figure 1: The (n,a) cross section for 1°B from ENDF/B-V for three
different temperatures showing that a 1/v cross section is invariant under
Doppler-broadening.
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Figure 2: The elastic cross section for carbon from ENDF/B-V showing
that Doppler-broadening a constant cross section adds a 1/v tail.
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Figure 3: The (n,7) cross section for 24°Pu from ENDF/B-V for several
temperatures showing the effects of Doppler broadening on resonances.
The temperatures are 0 K (solid), 30 000 K (dotted), and 300 000 K
(dash-dot). The higher resonances behave in the classical manner even
at 30 000 K; note that the line shape returns to the asymptotic value
in the wings of the resonance. All resonances at 300 000 K (and to a
lesser extent the first resonance for 30 000 K) show the additional 1/v
component that appears when ¥T'/A is large with respect to the resonance
energy.
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Figure 4: An expanded plot of the 20 eV resonance from Fig. 3 showing
both thinning and “thickening” of the energy grid produced adaptively
by BROADR. The two curves show the capture cross section at 0 K and
300 000 K. Note that the high-temperature curve has fewer points than
the 0 K curve near the peak at 20 eV and more points in the wings near
15 eV and 25 eV. Clearly, using the 0 K grid to represent the broadened
cross section in the wings of this resonance would give poor results.

preserves reaction rate vo(v) according to Eq. (1), and a finite reaction rate is
expected for T > 0 even as v — 0.

Earlier versions of BROADR and SIGMA1 assumed that the input energy grid
from RECONR could also be used to represent the Doppler-broadened cross section
before thinning. The grid was then thinned to take advantage of the smoothing
effect of Doppler broadening. Unfortunately, this assumption is inadequate. The
reconstruction process in RECONR places many points near the center of a res-
onance to represent its sharp sides. After broadening, the cross section in this
energy region becomes rather smooth; the sharp sides are moved out to energies
where RECONR provides few points. At still higher energies, the resonance line
shape returns to its asymptotic value, and the RECONR grid is adequate once
more. The more recent versions of BROADR check the cross section between
points of the incoming energy grid, and add additional grid points if they are nec-
essary to represent the broadened line shape to the desired accuracy. This effect
is illustrated in Fig. 4.
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B. Data-Paging Methodology

A piecewise linear representation of a reaction cross section of a resonance
material may require a very large number of energy points. For example, ENDF/B-
IV U-238 (MAT1262) requires 57 400 points for the total cross section for 0.5%
precision (ERRMAX=err). It is impractical to load all these points into memory
simultaneously. However, the discussion following Eq. (5) in the theory section

shows that only a limited energy range around the point of interest is required.

The strategy used is to stage the cross-section data into three “pages” of NPAGE
points each. Points in the center page can then be broadened using the NPAGE or
more points on each side of the point of interest. If v — 4/,/a and v + 4//a are
both included in the three-page range, accurate broadening can be performed. If
not, a diagnostic warning is printed; the user should repeat the calculation with a

smaller temperature step or a larger page size.

There are many different reaction cross sections for each material. However,
the cross sections for high velocities are normally smooth with respect to 32kT'/A
for any temperatures outside of stellar photospheres; therefore, they do not show
significant Doppler effects. The code uses the input value THNMAX, or the upper
limit of the resolved-resonance energy range, or the lowest threshold (typically>100
keV) as a breakpoint. No Doppler-broadening or energy-grid reconstruction is
performed above that energy. Furthermore, the A; and B; factors in Eq. (7)
depend only on the energy (or velocity) values and not on the cross sections. Since
the A; and B; are expensive to compute, the code computes them only once for the
points of a unionized energy grid. The sum of Eq. (7) is accumulated for all the
non-threshold reactions simultaneously. This trick helps make BROADR several
times faster than the original SIGMAL.

C. Coding Details

The code begins by reading the user’s input (see Section D). Storage is then
allocated for the LOADA/FINDA buffers (IBUFO and IBUFN) and for the scratch
storage (ISCR). The buffer length NBUF can be changed at will (currently NBUF is
1000).

The input PENDF tape is searched for the desired material (MAT1). If the
restart option is set (ISTART=1), the temperatures less than or equal to TEMP1 for
MAT1 are assumed to have been broadened previously, and they are copied to the
output file. In either case, the files for TEMP1 are copied to a scratch file on unit
NSCR1 (currently set to 10).
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Next, NSCR1 is rewound and examined reaction by reaction. The energy grid
from the total cross section (MT1) is saved on scratch storage using LOADA. If the
input tape has not been through RECONR, the BROADR module will still run,
but at possibly reduced accuracy. The next low-threshold reaction (that is, the
next reaction with a threshold less than EMIN, which is currently 1 eV) is located
on NSCR1. The energy points are retrieved from scratch file I0LD (12 or 13) using
FINDA, the cross sections for this reaction are computed on this grid, and the results
are stored on scratch file INEW (13 or 12) using LOADA. The units for TOLD and INEW
are then exchanged, and the entire process is repeated for the next low-threshold
reaction.

The final result of this process is a list of NREAC low-threshold-reaction types
in MTR (usually MT2, MT18, and MT102), the threshold value for the first high-
threshold reaction (or the input value) in THNMAX, and scratch file IOLD containing
the energy grid and all the low-threshold reactions (there are N2IN points).

Now that the number of reactions to be broadened simultaneously is known
(NREAC), storage for data paging can be assigned. The total amount of storage
available is NAMAX-2+NBUF-NWSCR-40. The value of NAMAX should be as large as
possible (current value is 30 000). This space is divided up into the largest possible
page size, NPAGE. An overflow region NSTACK is also allocated. Subroutine STORAG
is used to allocate three pages for energies (E), three pages for each reaction cross
section (S), one extended page for the broadened energy grid (EB), and three
extended pages for the broadened cross section (SB). This system is designed to
use the available storage with maximum efficiency.

The cross sections on IOLD are now broadened by FILE3 (see below) and the
results are written on scratch unit INEW using LOADA.

The directory from NSCR1 is revised to reflect any thinning or thickening and
written on the output PENDF tape (NOUT). Note that the new temperature is
written into the first word of the Hollerith data record to simplify later searching.

The broadened cross sections are now converted into ENDF TAB1 records
and merged with the unbroadened cross sections on NSCR1. The total cross section
[and sometimes nonelastic, fission, and (n,2n)] is reconstructed to equal the sum
of its parts. The new Doppler-broadened “MAT” on NOUT is a legal PENDF file
with the same MAT number as the original data but with a new temperature.
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The process is now repeated for each of the NTEMP2 final temperatures TEMP2
requested. Note that after each step INEW contains the new data and IOLD contains
the previous data. If the “bootstrap” option is set (ISTRAP=1), these units are
interchanged. For this option, TEMP2(IT) is always obtained from TEMP2(IT-1).
Because of the thinning effect of Doppler-broadening, the broadening runs faster
at each step. The accumulation of error is usually not a problem. For ISTRAP=O0,
TEMP1 is used for the starting temperature every time.

The broadening and energy-grid reconstruction are directed by FILE3. The
routine loads data into the appropriate memory pages from scratch file I0LD and
then either calls BROADN to broaden it (with thinning or thickening of the grid as
necessary) or calls THINB to thin it without broadening. The results are written
onto scratch file INEW.

In BROADN, the energy grid points just loaded into E by FILE3 are converted to
the dimensionless variables x and y [see Eq. (6)]. An adaptive reconstruction of
the Doppler broadened cross section is then performed for the energy range in the
center page using an inverted stack algorithm like the one described for RECONR.
The upper limit of each panel is taken to be a point from the input grid, but in
order to allow for thinning, up to NMAX=10 of the input grid points can be skipped
before the actual upper limit is selected. In addition, the energy of the upper limit
cannot be more than STEP=2.0 times the energy of the preceding point. The cross
sections are now computed at the midpoint of the top panel in the stack using
BSIGMA. If the results differ from the values obtained by interpolation by more
than the specified tolerance, the new point is added to the stack, and the tests are
repeated. Otherwise, the top point in the stack is converged. A backward check
is made to see if some of the previous points can be removed based on the new
value, the new value is stored in the output array, and the height of the stack is
reduced by one. The routine now tries to subdivide the new panel at the top of
the stack in the same way. When the stack has been reduced to one element, a
new upper limit is chosen from the input energy grid as described above, and the
entire process is repeated. The reconstruction logic in BROADR uses the same
integral tests as RECONR. Refer to the RECONR chapter for more details.

Subroutine BSIGMA is used to calculate the actual broadened cross section at
an energy point using the data in the three pages. First, the routine locates the
energy panel containing the desired energy EN. It then loops over intervals below
the current point adding in contributions to & from the V—v term of Eq. (5)
until the contributions to the cross section become small. If the lower limit of

the bottom page is reached before convergence, a warning message is issued. The
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routine then loops over intervals above the current point until convergence. Once
again, a warning is issued if necessary. Finally, the low-energy term [the one
involving V+v in Eq. (5)] is added, if applicable.

Subroutine THINB is provided for cases where the input cross section set is to
be thinned only. This routine uses the original SIGMA1 method. The first input
point is always kept. The routine then loops over higher energy values. For each
grid point, all the points from there back to the last accepted point are checked for
their deviation from a straight line. If they all can be removed without violating the
specified tolerance, the interval is extended to the next higher point and the tests
are repeated. If any point in the range is too far from the linear approximation,
the last point in the range is accepted as an output point, and the testing process
is repeated starting from this new lower limit. The procedure terminates when
all of the points in the middle page have been thinned, and control is returned to
FILE3 to get the next page of data.

Subroutine HUNKY has been modified from the original SIGMA1 version to
implement the alternate H,(a,b) calculation when necessary (see HNABB). When
using the direct method, F,, values from the previous step are used in the difference
of Eq. (9), and FUNKY is called to get the new values. The A; and B; of Eq. (7)
are related to the S1 and S2 here.

Subroutine FUNKY evaluates F,(a) by the recursion formula of Eq. (13) using a
rational approximation to the reduced complementary error function.2

Function HNABB implements the alternate calculation described by Egs. (15)-
(18). The series expansion is continued until about six significant figures are guar-
anteed (see EPS and HNABB). Currently, HNABB is called when only four significant
figures are reliable in HUNKY (see TOLER in HUNKY).

D. User Input

The following input instructions have been copied from the comment cards at
the start of BROADR.

*——-INPUT SPECIFICATIONS (FREE FORMAT) *
* *
* CARD 1 *
* NIR INPUT PERDF TAPE *
* NOUT OUTPUT PENDF TAPE *
* CARD 2 *
* MATL MATERIAL TO BE PROCESSED *
* NTEMP2 NUMBER OF FINAL TEMPERATURES (MAXIMUM=10) *
* ISTART RESTART (0 NO, 1 YES, DEFAULT 0) *
* ISTRAP BOOTSTRAP (O NO, 1 YES, DEFAULT 0) *
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PARAMETERS. TERMINATE WITH MATi=0.

* TEMP1 STARTIKG TEMPERATURE FROM NIN (DEFAULT=0.K) *
* CARD 3 *
* ERRTHN  FRACTIONAL TOLERANCE FOR THINNING *
* THNMAX  MAX. ENERGY FOR BROADENING AND THINNING .
* (DEFAULT=1 MEV) *
* ERRMAX  FRACTIONAL TOLERANCE USED WHEN INTEGRAL CRITERION =
* IS SATISFIED (SAME USAGE AS IN RECONR) .
* (ERRMAX.GE.ERRTEN, DEFAULT=20*ERRTHN) *
* ERRINT PARAMETER TO CONTROL INTEGRAL THINNING *
* (USAGE AS IN RECONR) (DEFAULT=ERRTHN/10000) *
* SET VERY SMALL TO TURN OFF INTEGRAL THINNING. *
* (A GOOD CHOICE FOR THE CONVERGENCE PARAMETERS *
* ERRTHN, ERRMAX, AND ERRINT IS THE SAME SET OF *
* VALUES USED IN RECONR) *
* CARD 4 *
* TEMP2 FINAL TEMPERATURES (DEG KELVIN) *
* CARD b *
* MAT1 NEXT MAT NUMBER TO BE PROCESSED WITH THESE *
* *
* *

*-—-INPUT OPTIONS

THE OUTPUT TAPE WILL CONTAIN THE NTEMP2 FINAL TEMPERATURES
SPECIFIED. IT IS NECESSARY TO HAVE TEMP1.LE.TEMP2(1).
IF TEMP2.EQ.TEMP1, THE DATA WILL BE THINNED ONLY.

RESTART CONTINUE BROADENRING AN EXISTING PENDF TAPE. ALL
TEMPERATURES ARE COPIED THROUGH TEMP1. ADDITIONAL
FINAL TEMPERATURES ARE ADDED BY STARTING WITH THE
DATA AT TEMP1.

BOOTSTRAP IF BOOTSTRAP IS NOT REQUESTED, EACH FINAL TEMPERA-
TURE IS GENERATED BY BROADENING DIRECTLY FROM
TEMP1 TO TEMP2. 1IF BOOTSTRAP IS REQUESTED, EACH
FINAL TEMPERATURE IS BROADENED FROM THE PRECEDING
TEMPERATURE. THIS OPTION IS FASTER DUE TO THE
THIKNIKG IN THE PREVIOUS STEP. HOWEVER, ERRORS
ACCUMULATE.

THNMAX THE UPPER LIMIT FOR BROADENING AND THINNING IS THE
LOWEST OF THE INPUT VALUE OF THNMAX, THE LOWEST
REACTION THRESHOLD, OR THE START OF THE UNRESOLVED
RANGE. IF THERE IS RESOLVED-UNRESOLVED OVERLAP,
THE OVERLAP REGION IS INCLUDED IN THE BROADENING.
A NEGATIVE VALUE OF THNMAX WILL OVERRIDE THE
RESOLVED AND THRESEOLD LIMITS. THIS ALLOWS THE
FIRST FEW THRESHOLD REACTIONS TO BE BROADENED IF
DESIRED. THE MAGNITUDE OF THNMAX MUST BE CHOSEN
TO KEEP THE NUMBER OF BROADENABLE REACTIONS LESS
THAN OR EQUAL TO THE MAXIMUM OF NTT (10).

L R IR IR JEE JNE JEE JEE N K R K K K R R K K R R K K I I R O R K EE BK
L JEE JEE JEE BN BN R JEE BN K B R R R I K IR B IR K R B N B K K EE B K B
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Note that TEMP1 need not occur on NOUT if ISTART=0. The restart option
(ISTART=1) enables the user to add new temperatures to the end of an existing
PENDF tape. This option is also useful if a job runs out of time while processing,
for example, the first temperature. The job can be restarted from the NOUT.
The first four temperatures will be copied to the new NOUT and broadening will
continue for temperature five. The bootstrap option speeds up the code by using
the broadened result for TEMP2(i~1) as the starting point to obtain TEMP2(i).
The THNMAX parameters can be used to speed up a calculation or to prevent the
broadening of inappropriate data such as sharp steps or triangles in an evaluated
cross section (for example, ENDF/B-V lead).

The following example prepares a single output tape containing Am-241 and
Am-243 from ENDF/B-IV at two temperatures each. The line numbers are for
reference only; they are not part of the input.

0
4

BROADR

20 21

1056 2 0 1/
.001/

300. 1200.
1067/

o/

© 0O N DO WN =

On line 4, unit 20 should contain a RECONR-generated BCD PENDF tape of 0
K cross sections for the two isotopes. Four materials will be generated on unit 21
with 0.1% accuracy. Best results are obtained when the error tolerance ERRTHN
and the optional integral-thinning controls ERRMAX and ERRINT are the same as
those used for the RECONR run. Note that “bootstrap” was requested, so the
input data for the 1200 K case will be the output from the 300 K case.

E. Error Messages

ERROR IN BROADR***NIN AND NOUT MUST BE SAME MODE
Use coded to coded, or blocked binary to blocked binary. The latter is much
faster due to the several tape copies performed in BROADR.

ERROR IN BROADR#**T0O0 MANY TEMPERATURES
The number of temperatures is limited by the statement TEMP2(10).

ERROR IN BROADR***TOO MANY LOW THRESHOLD REACTIONS

The current limit is set by the statement NTT=10 in BROADR. Check TT, MTR,
and NTT in BROADR, TT in FILE3, and SBT in BROADN. Too many reactions
might also strain the total storage (see /BSTORE/A(30000) and NAMAX=30000
in BROADR).
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MESSAGE FROM BROADR---NO BROADENABLE REACTIONS
No low threshold reactions were found.

ERROR IN BROADR***STORAGE EXCEEDED
Insufficient storage to update directory. Increase NWSCR in BROADR.

MESSAGE FROM STOUNX---SIGMA ZERO DATA REMOVED FROM UNRESOLVED

The input PENDF tape already contained a special unresolved section in
File 2. It has been removed. Rerun UNRESR if necessary.

MESSAGE FROM BSIGMA---BROADENING TRUNCATED AT A=----

The page is too small for the temperature difference requested. Increase
total storage available or repeat the calculation with smaller temperature
steps and ISTRAP=1. The normal maximum size of A is 4.0 and A is inversely
proportional to T;—T;_;.

F. Input/Output Units

The following units are used for input and output by BROADR.

10  NSCR1in BROADR. Contains the ENDF/B data at the initial temper-
ature.

12/13  IOLD/INEW in BROADR. Contains union grid and low threshold reac-
tions.

20-26 User’s choice for NIN and NOUT to link with other modules.

Units 12 and 13 will always be binary. Unit 10 will have the same mode as NIN
and NOUT (binary mode is recommended).

G. Storage Allocation

All storage is divided in the most efficient way possible. The container array
in /BSTORE/ and NAMAX should be made as large as possible. The value of NBUF
can be increased or decreased at will—large values will give faster execution. The
value for NWSCR depends on the size of the ENDF/B dictionary, and 1 000 words
is sufficient for all current evaluations.

H. References

1. D. E. Cullen, “Program SIGMA1 (Version 77-1): Doppler Broaden Evaluated
Cross Sections in the Evaluated Nuclear Data File/Version B (ENDF/B) For-
mat,” Lawrence Livermore National Laboratory report UCRL-50400, Vol. 17,
Part B (1977).

2. M. Abromowitz and 1. Stegun, Handbook of Mathematical Functions (Dover
Publications, New York, 1965).
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V. UNRESR

The UNRESR module is used to produce effective self-shielded cross sections
for resonance reactions in the unresolved energy range. In ENDF-format evalu-
ations, the unresolved range begins at an energy where it is difficult to measure
individual resonances and extends to an energy where the effects of fluctuations
in the resonance cross sections become unimportant for practical calculations. As
described in the ENDF format ma.nual,1 resonance information for this energy
range is given as average values for resonance widths and spacings together with
distribution functions for the widths and spacings. This representation can be con-
verted into effective cross sections suitable for codes that use the background cross
section method, often called the Bondarenko met;hod,2 using a method originally
developed for the MC? code3 and extended for the ETOX code.4 This unresolved-

resonance method has the following features:

o Flux-weighted cross sections are produced for the total, elastic, fission, and
capture cross sections, including competition with inelastic scattering,.

o A current-weighted total cross section is produced for calculating the effective
self-shielded transport cross section.

e Up to 10 values of temperature and 10 values of oo are allowed.
o The energy grid used is consistent with the grid used by RECONR.

e The computed effective cross sections are written on the PENDF tape in a
specially defined section (MF2,MT152) for use by other modules.

e The accurate quadrature scheme from the MC2-2 code? is used for computing
averages over the ENDF statistical distribution functions.

A. Theory

In the unresolved energy range, it is not possible to define precise values for the
cross sections of the resonance reactions o,(F), where z stands for the reaction
type (total, elastic, fission, or capture). It is only possible to define average values.

Of course, these average values should try to preserve the reaction rate:

§ O .
/E " 0:(E) ¢o(E) dE

FOz(E*) = o
/ $o(E)dE
E

, (1)

where ¢o(E) is the scalar flux, E* is an effective energy in the range [E;, E;], and
the range [E;, E,] is large enough to hold many resonances but small with respect
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to slowly varying functions of E. In order to calculate effective values for the
transport cross section, it is necessary to compute the current-weighted total cross

section also. It is given by

o odEyau(B) e
—5 , (2)
/E " 6u(E)dE

a'u(E‘) =

where the P; component of the neutron flux, ¢, (E), is proportional to the neutron
current. To proceed farther, it is necessary to choose a model for the shape of
¢¢(E) in the vicinity of E*. The model used in UNRESR is based on the Bg
approximation for large homogeneous systems and narrow resonances:
C(E)
((E) = —— == 3

#(E) = 5ot ®)
where C(E) is a slowly varying function of E , and £,;(E) is the macroscopic total
cross section for the system. In order to use this result in Eq. (1), it is further
assumed that the effects of other isotopes in the mixture can be approximated by
a constant called og in the range [E;, E,], or

C(E)

$(E) = oot oD (4)

Therefore, the effective cross sections in the unresolved range are represented by

E:  g.(E)
/El (B OB dE

21 o(EyE
/E, oo + o(E) (E)

G0z (E") = ()

with z being ¢ for total, e for elastic, f for fission, and v for capture, and

B Ux(E) C
— 22 __C(E)dE
o1 (E*) = /Eég oo+ Zt(E)]

/151 (o0 + 0 (E) ]

: (6)
C(E)dE

This equation can also be written in the equivalent form

/E’ 1 __c(E)dE
E
T(E") = = "°+;"( )

/El [00 + 0:(E))?

—0p . (7)
C(E)dE
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The parameter og in Eq. (4) deserves more discussion. It can be looked on as a
parameter that controls the depth of resonance dips in the flux. When oy is large
with respect to the peak cross sections of resonances in o;(E), the shape of the
flux is essentially C(E). For smaller values of o¢, dips will develop in the flux that
correspond to peaks in ;. These dips will cancel out part of the reaction rate in
the region of the peaks, thus leading to self-shielding of the cross section. Analysis
shows that it is possible to use this single parameter to represent the effects of
admixed materials or the effects of neutron escape from an absorbing region. See
the GROUPR chapter of this manual for additional details.

The cross sections that appear in the above integrals can be written as the sum

of a resonant part and a smooth part as follows:
02(E) = bs + 0p(E) = b+ 3 Y 020:(E-E,,) , (8)

where s is an index to a spin sequence, 7 is an index to a particular resonance in
that spin sequence, and E,, is the center energy for that resonance. The smooth
part by can come from a smooth background given in the ENDF file, and it also
includes the potential scattering cross section o, for the elastic and total cross
sections (2=t and z=e). In terms of the smooth and resonant parts, the effective

cross sections become

E:  op.(E)
Foo(E*) = b, +/E, HU—R(E)C(E)dE

1 b
/El o B ) IE

(9)

and

/ ®__ 1 c(E)dE
F(EY) = El o+ opi(E)

1
/El [F+om(E)PC ) 4P

where @ = b; + 0. It is convenient to transform the denominators of Eqgs. (9) and

(10) into
/_1 CdE = > {
o+ oy

-~ 0o, (10)

b, (11)
and
/mch_ __{/ —/[Ei—a;t]szE} . (12)
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Furthermore, since C(E) is assumed to be a slowly-varying function of E, it can be
pulled out through all integrals and dropped. The average cross sections become

- _ t_ro.t
Oor = b + 1 Io ’ (13)
and
Fre = bt — ot (14)
e I — I

The last equation can also be written in the form

— _ [ 1-To ]
= —_| - . 1
O1¢ 4 [1 — Iog — Ilt Og ( 5)

The average cross sections are thereby seen to depend on two types of “fluctuation
integrals:”

1 Ep O'Rx(E)
Iz = / — dE [} 16
0" Er—Ey Jg, o+ ori(E) (16)

and

1 /Ez oor(E)
L =

E;—E; Jg, [+ or(E)]?

where z can take on the values ¢, n, f, or v. Note that I};<Io, the difference

dE , (17)

increasing as op decreases from infinity.

Inserting the actual sums over resonances into the formula for Io, gives

1 B2 3o Ozer(E — Eyr) dE . (18)

I Tz — =
0 = By —E1 JE, T+ 5.0 Otsr(E — Esr)

If the resonances were widely separated, only the “self” term would be important,
and one would obtain

1 Ez arsr(E - Ear)
Iz = .
0z ; EZ - El -/E1 g+ Utsr(E - Ear) E (19)

Since the range of integration is large with respect to the width of any one reso-
nance, the variable of integration can be changed to {=FE—FE,;, and the limits on £
can be extended to infinity. For any one sequence, the interval E;—E; is equal to
the average spacing of resonances in that sequence times the number of resonances

in the interval. Therefore,

1oLl [P _Ten(§)
To- = —~ D, N E/_wﬁ+am(£) “ (20

S r
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where D, is the average spacing, and the “I”

superscript indicates that this is the
“isolated resonance” result. Because there are assumed to be many resonances
in the interval, the sum over resonances can be changed to a multiple integration
over some characteristic set of parameters (such as widths) times the probability

of finding a resonance with some particular values of the parameters:

5 f = <f>y = [daPia) [dBP(B) - farBy) . (@)

rea

In the following text, this multiple integral (up to four fold) will be abbreviated by
writing the a integral only. The final results for isolated resonances are as follows:

=% 5 / P(a) / i";“ffz 5 deda (22)

and

o'ataa(f)
I{,_ /P( )/m[ T o (O dtda . (23)

If the effects of overlap are too large to be neglected, overlap corrections to the

isolated resonance result can be constructed using the continued-fraction generator

1 1 b
a+b_;(1_a+b) : (24)
Starting with the I integrals,

zsr Ozsr - 2 Ozsr {1

o + Ear OCtsr sr 4 + Otsr

Otar! Ots'r!
- ,2_3'*'20!"_;’;0'*'20!"}‘ (25)

Expand the second term in the braces to get

231— d:car = azar { 1
o+ Ear Otsr U + Otsr

_ Z Tisrt
T'#T a’ + atsr + at;r'

Otart Ots'y!
{1 - E o+ Eatar - Z ZE'*‘EULW}

iy S'#S Iy
,.II#,.I

- LX3 v ftﬁ;fm} ' (26)

'#8 !
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Neglecting the products of three different resonances in sequence s gives

Zsr Ozsr _ Z Ozsr

4 + 2,,- Otsr r E—m
Otsr
% {1 - ,z#: T+ Oter + atsr’}
Ots'r!
X [1_§;a+zam] : (27)

The factor before the opening brace is the isolated resonance result, the factor
in braces is the in-sequence overlap correction, and the factor in brackets is the
sequence-sequence overlap correction. Note that recursion can be used to refine

the sequence-sequence correction to any desired accuracy. Similarly, the I; integral

requires
Z,r TOrar O0zsr
= 1
[a—+ 231'”!.11']2 Z[0+0’t,r]2[
Oisr! Tiy'y!
— . 2
’%:ra'*‘zatsr 2;64"203"] ( 8)

Once more, we expand the fraction and neglect terms that will result in products

of three or more different resonances in the same sequence. The result is

Ear TOzsr — Z ___EUL
[U + Xor Otar ]2 ar [6_ + Otsr ]2
2
Otsr! Oisr!
X {1 2 g T + Otsr + Opsrt + ,%é:r (ﬁ'*" Otsr + o'tsr’) }
Ots'y
L . 29
X [ "E#‘r‘—'; o+ Zatar] ( )

Once again, in-sequence and sequence-sequence overlap terms have been factored
out.

The next step is to substitute these results back into the fluctuation integrals
Iy and I,. The integrals over energy and the sums over different resonances in
each sequence can be handled as described above for isolated resonances. This
procedure will result in three different kinds of integrals. The first kind includes

the isolated resonance integrals already considered above

1 12 o
B,, = _;__/ Tz g
EZ_EI E"l‘a’tar

_ /P( )/ Uzsa(f) dt da (30)

00 0+ Gisa(t)
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and

GOty
Dy = / dE
t Ez - El E [T+ 01sr |2

_ Uazaa(f)
_ /P( )/ e dida. (31)

Note that D, < B;, the difference increasing as o¢ decreases from infinity.

The next kind are the in-sequence overlap integrals. The sum over 7’ is replaced
by integrals over the probabilities of finding each partial width and the probability
of finding a resonance 7’ at a distance 5 from resonance r.

1 Oxsr Otsr!
Voss = / = " {E
0= E2 - El E; E z ?’{" Ctsr O + Otar + Oty

r

= 3 /@] Pw)/ J o528

ais6(€ — 1)
o+ Utsa(f) + Ut’ﬁ(£ _ ’7) dT] d{dﬁ da ’ (32)

where § = E — E,, and 1 = E,+ — F,.. Similarly,

1 00 Cisr!
Viea = _—EQ—EI /;1 ZE sr { tsr

r I#r [ I 0 t81 o I 0 tsr l 0 tST'
0 I 0 tsr I o tsr!

52 ] 7@ [P [ [ a0 572

{2 Utsﬁ(f 7’)
T + 01sa(€) + 01sp(€ — 1)

- [E + Guzzafﬁ)(i;:;(f - 77)] 2} dndf df do . (33)

The final class of integrals includes the sequence-sequence overlap corrections.
They are simplified by noting that the positions of resonances in different spin
sequences are uncorrelated. Therefore, (n)=1, and the integral of the product
reduces to the product of the integrals.

Using the results and definitions from above, the fluctuation integrals become

IO:: = ZAIS ) (34)

Azs = (Bz:s - VO:::)[I - Z Ats’] ’ (35)
s'#s
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and
Iy = Z(D,, “Vi[1- T A (36)
s'#s
where Eq. (35) provides a recursive definition of the A, for the sequence-sequence
corrections as well as the normal value of A_,.

These equations are formally exact for the sequence-sequence overlaps, but in-
sequence overlaps only include the interactions between pairs of resonances. Three

different approximations to this result are currently in use.

1. The MC?/ETOX Approximation The MC? and ETOX codes use sim-
ilar approximations to the results above, except that MC? does not include a
calculation of the current-weighted total cross section. Both codes explicitly ne-
glect the in-sequence overlap corrections. This approximation was based on the
assumption that resonance repulsion would reduce the overlap between resonances
in a particular spin sequence, leaving the accidental close spacing of resonances in
different sequences as the dominant overlap effect. In addition, both codes stop
the recursion of Eq. (35) at A; = B;. Thus,

ZBz,(l—EBu), (37)

s'#s

and

Iu-ZD,,(l—EBt,) : (38)

s'#s

The equations for the effective cross sections in the MC?/ETOX approximation

b
ecome UZBIS(I a E Bt‘)
- _ s'#s
Uoz_bz+1—th,(1—ZBt,) (39)
s'#s
and
UZD;,(I - Z Bg,l)
o1t = by + v ’ (40)
1-th,(1 = 3 Bu) - L Du(1- 3 By)’
or " e
1—23,,(1— > Buw)
= = s'#s —ap.
L 7 l—ths(l"‘ZBta) ZDts(l_ZBts) % (41)
s'#s s'#a
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These are the equations that are used in the UNRESR module of NJOY. Note that
the equation in the ETOX code and report corresponding to Eq. (41) is incorrect.
The following equation was used in the ETOX code:

1—23,,(1— > Bu)

s'#s

1—20,,(1— > Cuw)

s'#s

O1t =0 — 09 , (42)

with Cg, = Bg, + Dt,.

2. The MC?22 Approximation The MC2-2 code includes the in-sequence
overlap corrections, which the authors found to be more important than previously

thought. It uses additional approximations to obtain the equivalent of

Vozs
= b,
+621'—Bt3+Von (43)

The additional approximations used are

1. Set Ay; = Bis — Vous (first-order sequence-sequence overlap),
2. Neglect the factor (1 — 3°,/,, A¢r) in the denominator, and

3. Use the approximation 1 -3, fi = [[,(1 — fi) on the numerator and denom-
inator.

These simplifications result in a loss of accuracy for the sequence-sequence overlap
correction at relatively low values of gp. The @, term is not calculated.

3. The UXSR Approximation The experimental UXSR module was devel-
oped at Oak Ridge (with some contributions from Los Alamos) based on coding
from the Argonne National Laboratory (ANL) in an attempt to include the so-
phisticated in-sequence overlap corrections from MC2-2 without approximating the
sequence-sequence corrections so badly. It also implemented a calculation of the
current-weighted total cross section, which was omitted in MC2-2. The additional
cost of using the full expressions for Egs. (34) and (36) is minimal, and effective

cross sections can be computed for lower values of 09 when in-sequence overlap is
small (e.g., 2380).
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Now that expressions have been chosen for computing the cross sections in
terms of the isolated-resonance integrals, it is necessary to select an efficient nu-
merical method for computing them. The resonant parts of the cross sections are
given by

Ozsr(E—E,.) = am%-d)(O,X)]” , (44)
and

Otsr(E~Eqr) = [om{cos2¢¢ ¥(8, X) + sin 2¢¢ x(8, X)},, , (45)

where z takes on the values v, f, or ¢ for capture, fission, or competition, and

4mgs Ty

=TT (46)

A
0=\ mrE (47)

2J +1
gy = é—(ﬂ-—-{-l_)‘ y and (49)

A
— -3_

k= 2196771 x 1073 = A\/E : (50)

The functions 1 and x are the symmetric and antisymmetric components of the
broadened resonance line shape:

906, )= “Lrew (25.2) (51)
and 0X 0
x(8,X) = 6/7Im W(2 2), (52)
where
W(a,y) = expl—(z + iy)*] exfe[—i(z + iy)] (53)

is the complex probability integral. The methods for computing % and x are well
known (see QUIKW).

The first integral needed is

_ axsa(f)

Bsy = / P@) [ = e S dedo
= o om(T'z/T)¥(8, X) o
- D,/P( )/E+am{cos2¢¢¢(0,X)+sin2¢¢x(0,X)} d¢ d

N r, (8, X)
57 | P55, | 5030 + 55k @ )

dXda, (54)
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where

fg=—2 . (55)

O COS 2¢py

The second integral needed is

B, = L/P(a)/%ada

_ /P( I ¥(8, X) + tan 24, x(6, X)
2J B+9(8,X)+ tan 2¢ x(6, X)

dXda.  (56)

Both of these integrals can be expressed in terms of the basic J integral:

1 r
B:ca = D—S/P(Q)m J(ﬂ,B,tan2¢g,0) do , and

By, = DL/P(a)I‘J(,B,G,tan2¢g,tan2¢¢) da (57)

where
® (6, X)+ bx(6, X)

2 o B+ ¥(8,X)+ ax(f,X)
The D integral can be handled in the same way, but only total reaction is required.

J(B,0,a b)

dX . (58)

_ Uataa(f)
Dy, = /P( )/[ Tt oval O dt de
= 1 o) L BY(8, X) + tan 2¢, x(8, X) o
- /P( )2 ) T+ 98, X) + tan 262 x(8, )2 X
= DLS/P(a)I‘K(ﬂ,G,tan2¢¢,tan 2¢¢) da , (59)
where
_ [¥(8, X))+ bx(6, X))
K(B,6,a,b)= 2/ [ﬂ+¢(0 X) +ax(8X)P X - (60)

A method for computing J, including the interference effects, has been devel-
oped by Hwang for M(C2-2.5 However, this method was not available in the days
when MC? and ETOX were developed. Therefore, UNRESR uses only J(3,4,0,0)
and K(8,6,0,0) in computing the isolated-resonance fluctuation integrals. A di-
rect integration is used over most of the X range, but the part of the integral arising

from large X is handled using analytic integrations of the asymptotic forms of the
arguments (see AJKU).

The final step is to do the n-fold integration over the probability distributions
for the resonance widths. This integration has been abbreviated as a single inte-
gration over a in the above equations. The method used was originally developed

for MC2?-2 and is based on Gauss-Jacobi quadratures. A set of 10 quadrature
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points and weights is provided for each of the x? probability distributions with 1
through 4 degrees of freedom. These quadratures convert the n-fold integral into
an n-fold summation. The value of n can be as large as 4 when I'y, Iy, Iy, and
I'. (competitive width) are all present.

Although UNRESR neglects the effects of overlap between resonances in the
same spin sequence and the effects of interference in the elastic and total cross
sections, it still gives reasonable results for the background cross section values
needed for most practical problems. Modern evaluations are steadily reducing
the need for accurate unresolved calculations by extending the resolved resonance
range to higher and higher energies. Ultimately, UNRESR should be replaced by
UXSR when that approach is fully developed and tested. Another alternative is
to generate self-shielded effective cross sections from ladders of resonances chosen
statistically (see PURR).

B. Implementation

In implementing this theory in UNRESR, there are special considerations in-
volving the choice of an incident energy grid, what to do if the unresolved range
overlaps the resolved range or the range of smooth cross sections, the choice of the
oo grid, how to interpolate on og, and how to communicate the results to other
modules.

1. Choice of Energy Grid. The same logic is used to choose the incident
energy grid in UNRESR and RECONR. It is complicated, because of the several
different representations available for unresolved data, and because of the existence
of evaluations that have been carried over from previous versions of ENDF/B.
Unresolved-resonance range self-shielded cross sections are expensive to compute;
therefore, some effort has been made to avoid using any more energy grid points
than are necessary.

For evaluations that give energy-independent unresolved-resonance parameters,
there is still an energy dependence to the cross sections. Because this dependence
is norfnally somewhere between constant and a 1/v law, a fairly coarse grid with
about 10 points per decade should be sufficient to allow the cross sections to be

computed reliably using linear-linear interpolation.

If the evaluation uses energy-dependent parameters, the normal reaction would
be to use the energies that were provided by the evaluator and to obtain inter-
mediate cross sections by interpolation. Unfortunately, some of the evaluations

carried over from earlier days contain some energy intervals that are quite large
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(for example, steps by factors of 10). The evaluators for these isotopes assumed
that the user would use parameter interpolation and compute the cross sections
at a number of intermediate energies in these long steps. UNRESR will detect
such evaluations and add additional energy points in the large energy steps us-
ing an algorithm similar to the one used for the cases with energy-independent

parameters.

The final energy grid can be observed by scanning the printed output from
UNRESR.

2. Resolved-Unresolved Overlap. Elemental evaluations include separate
energy ranges in MF2/MT151 for each of the isotopes of the element, and these
energy ranges do not have to be the same for each isotope. This means that the
lower end of an unresolved range can easily overlap the resolved range from another
isotope, and the upper end of the unresolved range for an isotope can overlap the
smooth range of another isotope. These overlap regions are detected by UNRESR
as the resonance data are read in, and they are marked by making the sign of the
incident energy value negative.

3. Choosing a op Grid. There are two factors to consider, namely, choosing
values that will represent the shape adequately, and limiting the range of og to the
region where the theory is valid. The 0(0g) curves start out decreasing from the
infinite dilution value as 1/0¢ as o decreases from infinity (1 x 10'° in the code).
The curve eventually goes through an inflection point at some characteristic value
of 0o, becomes concave upward, and approaches a limiting value at small og that is
smaller than the infinite-dilution value. Decade steps are often used, but the user
should try to select values that include the inflection point and not waste values
on the 1/0g region. Half-decade values are useful near the inflection point (e.g.,
100, 300, 1000 for 235U). The grid interval chosen should be consistent with the

interpolation method used (see below).

Choosing the lower limit for o is a more difficult problem. As shown in the
theory section, resonance overlap effects are developed as a series in 1/0g, and
the series is truncated after only one step of recursion in Eq. (35). This means
that the overlap correction should be most accurate for large o and gradually get
worse as 0¢ decreases. Experience shows that the correction can actually get large
enough to produce negative cross sections for small og. (This problem can also
show up as a failure in interpolation when a log scheme has been selected.) For
isotopes that have relatively narrow resonances spaced relatively widely, such as
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238y, UNRESR gives reasonable results to og values as low as 0.1. For materials
with stronger overlap, such as 235U, a lower limit around 100 is more reasonable.
A few of the heavy actinides in ENDF/B-VI have evaluations that break down for
oo values lower than 1000. This problem is not too serious in practice. The fertile
materials, which appear in large concentrations in reactors, allow the necessary
small values of og. The fissile materials have to be more dilute, and the larger oo
limit needed for them is not usually a problem.

The UXSR approximation discussed above allows one to reach somewhat smaller
op values.

4. Interpolating on oo. It turns out that these functions are difficult to inter-
polate because they have a limited radius of convergence. Although approximate
schemes have been developed based on using functions of similar shape such as
the tanh funct’.ion,6 better results can be obtained by using different interpola-
tion schemes for the low- and high-o¢ ranges. The TRANSX-CTR code’ used
interpolation in 1/0¢ for high oo, Lagrangian interpolation of Ino, vs Ingy, for in-
termediate values, and a o2 extrapolation for very low o¢. Unfortunately, schemes
like this sometimes give ridiculous interpolation excursions when the polynomials
are not suitable. Therefore, TRANSX-28 has had to revert to using simple lin-
ear interpolation, which is always bounded and predictable, but which requires

relatively fine o grids.

5. Communicating Results to Other Modules. NJOY tries to use ENDF-
like files for all communications between the different calculational modules. Be-
cause the unresolved effective cross sections were originally derived from the res-
onance parameters in File 2, it seemed reasonable to create a new section in File
2 to carry the unresolved cross sections onto other modules, and a special MT
number of 152 was selected for this purpose. RECONR creates an MT152 that
contains only the infinitely-dilute unresolved cross sections. UNRESR overwrites
it with self-shielded unresolved cross sections. GROUPR can then use these cross
sections in its calculation of the multigroup constants. The format used for MT 152
is given below using the conventional ENDF style.

[MAT,2,152/ ZA, AWR, LSSF, 0, O, INTUNR ] HEAD
[MAT,2,152/ TEMZ, O, NREAC, NSIGZ, NW, NUNR/
S1GZ(1), SIGZ(2),...,SIGZ(NSIGZ),
EUNR(1),
SIGU(1,1,1), SIGU(1,2,1),...,SIGU(1,NSIGZ,1),
SIGU(2,1,1),...
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SIGU(NREAC,1,1),...,SIGU(NREAC,NSIGZ,1),
EUNR(2),...

<continue for energies through EUNR(NUNR)>
...SIGU(NREAC,NSIGZ ,NUNR) ] LIST

where NREAC is always 5 (for the total, elastic, fission, capture, and current-
weighted total reactions, in that order), NSIGZ is the number of oy values, NUNR is
the number of unresolved energy grid points, and NW is given by

NW=RSIGZ+NUNR*(1+5+NSIGZ) .

C. User Input

The following summary of the user input instructions was copied from the
comment cards at the beginning of the UNRESR module in the NJOY 91.0 source
file.

#~—-INPUT SPECIFICATIONS (FREE FORMAT)

*

* *
* CARD 1 *
* NENDF UNIT FOR ENDF/B TAPE *
* NIN UNIT FOR INPUT PENDF TAPE *
* NOUT UNIT FOR OUTPUT PENDF TAPE *
* CARD 2 *
*  MATD MATERIAL TO BE PROCESSED *
# NTEMP NO. OF TEMPERATURES (MAX. NO. ALLOWED=9) *
* NSIGZ NO. OF SIGMA ZEROES (MAX. NO. ALLOWED=8) *
* IPRINT PRINT OPTION (O0=MIN, 1=MAX) (DEFAULT=0) *
* CARD 3 *
* TEMP TEMPERATURES IN KELVIN (INCLUDING ZERO) *
* CARD 4 *
* SIGZ SIGMA ZERO VALUES (INCLUDING INFINITY) *
* CARDS 2, 3, 4 MUST BE INPUT FOR EACH MATERIAL DESIRED *
* MATD=0/ TERMINATES EXECUTION OF UNRESR. *
* *

Rkkkkdkokkkkkkokk kR ok koo ok dkkdkodkokok ook ok kakokokkkkokkok Rk ko kkok Kk

Card 1, as usual, specifies the input and output units for the module. The
input PENDF tape on NIN must have been processed through RECONR and
BROADR. It will contain default versions of the special unresolved section with
MF=2 and MT=152 that gives the infinitely-dilute unresolved cross sections for
each temperature. The output PENDF file NOUT will contain revised sections

MF2,MT152 that give effective cross sections vs gq for all temperatures.

Card 2 is used to specify the material desired (MATD), the number of temper-
atures and background cross sections desired (NTEMP and NSIGZ), and the print
option (IPRINT). The actual temperature and oo values are given on Cards 3 and
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4. Temperatures should be chosen to be adequate for the planned applications.

The temperature dependence of the effective cross sections is usually monotonic
and fairly smooth. Polynomial interpolation schemes using T is often used, and
roughly uniform spacing for the temperature grid (or spacing that increases mod-
estly as T increases) is usually suitable.

The choice of a grid for og is more difficult. The curves of cross section versus
oo have an inflection point, and it is important to choose the grid to represent
the inflection point fairly well. A log spacing for op is recommended. Very small
values of g should not be used. These considerations are discussed in more detail
in the “Implementation” section above. Unfortunately, the best choice for a grid
can only be found by trial and error.

D. Output Example

The following portion of UNRESR output is for 233U from ENDF/B-VI.

ook ko koo ko kkok kR kg Rk kkkokk ko k ke kkk ke kkkkkkkkokkkkkkk ko

UNRESR. . .CALCULATION OF UNRESOLVED RESONANCE CROSS SECTIONS 1494.1S
STORAGE 8/ 20000
UNIT FOR INPUT ENDF/B TAPE .....cooveevvnnnnns -21 ’
UKIT FOR INPUT PENDF TAPE ......covvciennnnnn. -23
UNIT FOR QUTPUT PENDF TAPE .......ovcveveunnn. -24
TEMPERATURES .. vvivivnnrererennronnnnennnns 3.00E+02
4,00E+02
SIGMA ZERO VALUES .....vvvvvivrerennenennns 1.00E+10
1.00E+04
3.00E+01
1.00E+01
3.00E+00
1.00E+00
PRINT OPTION (O MIN., 1 MAX.) ............. 1
MAT = 9237 TEMP = 3.00E+02 1494.1S
ENERGY = 1.0000E+04
1.546E+01 1.544E+01 ... 1.401E+01 1.348E+01 1.314E+01 1.302E+01
1.474E+01 1.472E+01 ... 1.337E+01 1.289E+01 1.259E+01 1.248E+01
0.000E+00 0.000E+00 ... 0.000E+00 0.000E+00 0.000E+00 0.000E+00
7.154E-01 7.149E-01 ... 6.372E-01 6.926E-01 5.576E-01 5.426E-01
1.B45E+01 1.643E+01 ... 1.323E+01 1.264E+01 1.231E+01 1.219E+01
ENERGY = 1.2000E+04
1.512E+01 1.511E+01 ... 1.393E+01 1.344E+01 1.313E+01 1.301E+01
1.445E+01 1.444E+01 ... 1.332E+01 1.288E+01 1.259E+01 1.248E+01
0.000E+00 0.000E+00 ... 0.000E+00 O.00OE+00 0.000E+00 0.000E+00 ’
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6.634E-01 6.631E-01 ... 6.027E-01 b5.651E-01 &5.348E-01 6.215E-01
1.5612E+01 1.510E+01 ... 1.323E+01 1.266E+01 1.233E+01 1.221E+01

ENERGY = 1.4903E+056

1.139E+01 1.139E+01 ... 1.137E+01 1.136E+01 1.129E+01 1.124E+01
1.125E+01 1.125E+01 ... 1.124E+01 1.121E+01 1.115E+01 1.111E+01
0.000E+00 0.000E+00 ... 0.000E+00 0.000E+00 0.000E+00 0.000E+00
1.334E-01 1.334E-01 ... 1.346E-01 1.347E-01 1.332E-01 1.317E-01
1.213E+01 1.213E+01 ... 1.211E+01 1.203E+01 1.183E+01 1.166E+01

GENERATED CROSS SECTIONS AT 31 POINTS 1507.8S

MAT = 9237 TEKP = 4.00E+02 1507.8S

ENERGY = 1.0000E+04

1.645E+01 1.544E+01 ... 1.449E+01 1,404E+01 1.373E+01 1.361E+01
1.474E+01 1.473E+01 ... 1.382E+01 1.340E+01 1.311E+01 1.300E+01
0.000E+00 0.000E+00 ... 0.000E+00 O0.000E+00 O.000E+00 0.000E+00
7.164E-01 7.162E-01 ... 6.759E-01 6.485E-01 6.247E-01 6.138E-01
1.54BE+01 1.544E+01 ... 1.387E+01 1,328E+01 1.291E+01 1.277E+01

GENERATED CROSS SECTIONS AT 31 POINTS 1623.68

USAGE 11118/ 20000

1623.6s8

l AEE e LIl L T TP T T2 2 P T 1

The display of the cross section table for each energy has oo reading across (in
decreasing order) and reaction type reading down (in the order of total, elastic,
fission, capture, and current-weighted total). Two o values were removed from

the table to make it narrower for this report.

E. Coding Details

The code starts by reading in the user’s input and output unit numbers and
opening the files that will be needed during the UNRESR run. After printing
the introductory timer line, the storage system is initialized and space is reserved
for an array SCR, which will be used for reading in ENDF records. As is usual for
NJOY, SCRis stored in the common container array A starting at the pointer ISCR.
UNRESR now prints out the user’s unit numbers on the output listing and calls
UWTAB to prepare internal tables used by UW to compute the real and imaginary
parts of the complex probability integral.

The next step is to read in the TAPEID records of the ENDF and PENDF tapes.
The loop over materials starts at statement number 110 by reading in the user’s

values for the ENDF MAT number, number of temperatures NTEMP, number of oq
‘ values NSIGZ, and print flag IPRINT. If this is not the end of the material loop
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(MAT=0), the actual values of the temperatures and background cross sections are
read into the arrays TEMP and SIGZ. The input quantities are echoed to the output
listing to help detect input errors.

The code then begins a loop over the requested temperatures. It writes the
current values of material ID, temperature, and time on the output listing, it reads
the resonance parameters from the section with MT=151 in File 2 of the ENDF
tape using RDUNF2, and it reads the background cross sections from File 3 for each
of the resonance reactions using RDUNF3. It also starts to build an output record
to be written in MT=152 on the new PENDF tape in the array starting at IB.

The next loop is over all the energy grid points at this temperature. The grid
points were determined in RDUNF2, and the NUNR points are stored in the array
EUNR. The background cross sections are stored in an array SB(IE,IX) starting at
pointer ISB. The energy index takes on NUNR values, and the reaction index IX takes
on four values. The calculation of the actual effective cross sections takes place in
UNRESL. The results for each energy appear in the array SIGU(IX,IS), where IS
takes on NSIGZ values. Each UNRESL array is stored into the accumulating output
array B and printed on the output listing. When the energy loop is complete, the

unused part of the array B is released.

At this point, UNRESR checks to see if there is a previous version of MT152 on
the PENDF tape. If so, these new data will replace it. If not, a new section with
MT=152 will be created. In either case, a new section MT451 in File 1 is generated
containing the current temperature and the correct entry in the directory for the
PENDF tape. Finally, the new MT152 for this temperature is copied onto the
output tape from the B array, and the rest of the contents of this temperature on
the old PENDF tape are copied to the new PENDF tape. After writing a report
on the number of resonance points generated and the amount of computer time
used, UNRESR branches back to continue the temperature loop. When the last
temperature has been processed, the code closes the files, writes a final report on

the output listing, and terminates.

Note that UNRESR takes special branches for materials with no resonance
parameters or materials with no unresolved parameters. Therefore, the user can
freely request an UNRESR run even when it is not appropriate, and no damage
will be done.

The subroutine RDUNF2 is used to read in the unresolved resonance parameters
from File 2 of the input ENDF tape. It is very similar to the corresponding coding
in RECONR. The array starting at ISCR is used to read in ENDF record, the
resonance parameter data are stored in the array starting at IARRY, and the final
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grid of energy values is stored in EUNR. Note that RDUNF2 will add extra energy
nodes for evaluations with energy-independent parameters or for energy-dependent
evaluations that have energy steps larger than the factor WIDE, which is currently
set to 3.0. The subroutine also discovers resolved-unresolved or unresolved-smooth
overlap, flags those energy values, and prints messages to the user on the output
listing.

Subroutine ILIST is used to insert a new energy into a list of energies in as-

cending order. It is used to manage the accumulation of the grid of energy nodes.

Subroutine RDUNF3 is used to read in the background cross sections in the
unresolved range from File 3. The unresolved energy grid determined by RDUNF2
is used for the background cross sections.

The main calculation of the effective cross sections for the unresolved range
is performed in subroutine UNRESL. The calculation is done in two passes: first,
the potential scattering cross section is computed; second, the unresolved cross
sections are computed. The passes are controlled by the parameter ISPOT. In both
cases, resonance parameter data stored into the main container array A by RDUNF2
is used. The coding is similar to that used in RECONR down to the point where
the ETOX statistical averages are computed. The three loops ending at statement
number 420 carry out the n-fold quadrature represented as integrals over « in
the text. They account for variations in the fission width, neutron width, and
competitive width. The capture width is assumed to be constant. Note that AJKU
is called in the innermost loop to compute the J and K integrals in XJ and XK,
respectively. The K integral returned by this routine is actually J + K in our
notation. The final quantities are computed in the loops that end at statement
number 460. Note that TK is equivalent to By, + Dy in our notation. Similarly, TL
is equivalent to B,,, and TJ is equivalent to B;,. The last step in this subroutine
is to compute the average cross sections by summing over spin sequences. The
loop ending at statement 530 computes XJ as ), B;, and XK Y, Cy,. With these
quantities available, it is easy to finish the calculation of the effective cross sections
as given by Eq. (39) and Eq. (41).

The subroutines UUNFAC, INTRF, and INTR are similar to corresponding routines
from RECONR and don’t require further discussion here.

Subroutine AJKU is used to compute the J and K integrals without interference
corrections.

The subroutines QUIKW, UWTAB, and UW implement a package for computing
the complex probability integral efficiently. It was originally developed at ANL
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for the MC? code. When it is used, a pair of 62 X 62 tables for the real and
imaginary parts of the complex probability integral are precomputed using UWNTAB
and UW. Values of W for small arguments are obtained by interpolating in these
precomputed tables. Values of W for larger arguments are obtained using various
asymptotic formulas.

F. Error Messages

ERROR IN RECONR***ILLEGAL NSUB FOR RECONR
RECONR only processes sublibraries that contain cross section data. Check
whether the right ENDF input tape was mounted.

ERROR IN UNRESR**xMODE CONVERSION BETWEEN NIN AND NOUT
Input and output files must both be in ASCII mode (positive unit numbers),
or they must both be in binary mode (negative unit numbers).

ERROR IN UNRESR#**T00 MANY TEMPERATURES
The number of temperatures is limited to 10 (this limit holds for all versions
after 91.14).

ERROR IN UNRESR#*#T00 MANY SIGMA ZEROES
The number of o values is limited to 10 (this limit holds for all versions
after 91.14).

ERROR IN UNRESR*%*STORAGE EXCEEDED

It will be necessary to reduce the total number of temperature and og values
requested, or to increase the size of the main container array A(20000) in
common USTORE and the size limit DATA NAMAX/2000/.

ERROR IN RDUNF2#**STORAGE EXCEEDED
It will be necessary to increase the size of the main container array A(20000)
in common USTORE and the size limit DATA NAMAX/2000/.

ERROR IN UNRESL***STORAGE EXCEEDED

The code is currently limited to 30 spin sequences. For more spin sequences,
it will be necessary to increase the dimensions of several arrays in this sub-
routine.
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VI. HEATR

The HEATR module generates pointwise heat production cross sections and
radiation damage energy production for specified reactions and adds them to
an existing PENDF tape. The heating and damage numbers can then be easily
group averaged, plotted, or reformatted for other purposes. An option of use to
evaluators checks ENDF/B files for neutron/photon energy-balance consistency.
The advantages of HEATR include

Heating and damage are computed in a consistent way.
All ENDF/B neutron and photon data are used.
ENDF/-6 charged-particle distributions are used when available.

Kinematic checks are available to improve future evaluations.

Both energy-balance and kinematic KERMA factors can be produced.

This chapter describes HEATR in version 91.91.

A. Theory of Nuclear Heating

Heating is an important parameter of any nuclear system. It may represent the
product being sold—as in a power reactor—or it may affect the design of peripheral
systems such as shields and structural components.

Nuclear heating can be conveniently divided into neutron heating and photon
heating (see Fig. 1). The neutron heating at a given location is proportional to
the local neutron flux and arises from the kinetic energy of the charged products
of a neutron induced reaction (including both charged secondary particles and the
recoil nucleus itself). Similarly, the photon heating is proportional to the flux of
secondary photons transported from the site of previous neutron reactions. It is
also traceable to the kinetic energy of charged particles (for example, electron—
positron pairs and recoil induced by photoelectric capture).

Heating, therefore, is often described by the KERMA! (Kinetic Energy Release
in Materials) factors k;;( E') defined such that the heating rate in a mixture is given
by

H(E)= 33 pikii(E)Y(E) (1)

i
where p; is the number density of material ¢, k;;(£) is the KERMA factor for
material 7 and reaction j at incident energy E, and ¢(FE) is the neutron or photon

scalar flux at E. KERMA is used just like a microscopic reaction cross section

except that its units are energy Xx cross section (eV-barns for HEATR).
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Figure 1: Components of nuclear heating. HEATR treats the prompt
local neutron heating only. Gamma heating is computed in GAMINR.
Delayed local heating and photon production are not treated by NJOY,
and they must be added at a later stage.

The “direct method” for computing the KERMA factor is
ki;(E) = Y Eije(E)oii(E) (2)
¢

where the sum is carried out over all charged products of the reaction including
the recoil nucleus, and Ejj¢ is the total kinetic energy carried away by the £th
species of secondary particle. These kinds of data are now becoming available for
some materials with the advent of ENDF/B-VI, but earlier ENDF/B versions did
not include the detailed spectral information needed to evaluate Eq. (2).

For this reason, NJOY computes KERMA factors for many materials by the
“energy-balance method.”2 The energy allocated to neutrons and photons is simply
subtracted from the available energy to obtain the energy carried away by charged
particles:

kii(E) = (E + Qi — Bijn — Eijy) 0i5(E) 3)

where Q;; is the mass-difference Q value for material i and reaction j, F, is the
total energy of secondary neutrons including multiplicity, and E., is the energy of
secondary photons including photon yields.

This method is well suited for use with ENDF/B-V, which contains neutron and
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photon spectral data, but not the particle spectra required by the direct method.
The disadvantage of this method is that the KERMA factor sometimes depends on
a difference between large numbers. In order to obtain accurate results, extreme
care must be taken with the evaluation to ensure that photon and neutron yields
and average energies are consistent. In fact, the lack of consistency in ENDF/B-V
often reveals itself as negative KERMA factors.3

However, a negative KERMA factor is not always the defect it seems to be. It
must be remembered that heating has both neutron and photon components. A
negative KERMA might indicate that too much energy has been included with the
photon production in the evaluation. This will result in excessive photon heating
if most of the photons stay in the system. However, the negative KERMA will
have just the right magnitude to cancel this excess heating. The energy-balance

method guarantees conservation of total energy in large homogeneous systems.

In this context, large and homogeneous means that most neutrons and photons
stay in their source regions. It is clear that energy-balance errors in the evaluation
affect the spatial distribution of heat and not the total system heating when the
energy-balance method is employed.

A final problem with the energy-balance method occurs for the elemental eval-
uations in ENDF/B. Isotopic Q values and cross sections are not available in the
files. It will usually be possible to define adequate cross sections, yields, and
spectra for the element. However, it is clear that the available energy should be
computed with an effective Q given by

ZP{WQ.’

Q= =—, (4)
D pioi
i
where p; is the atomic fraction of isotope 7 in the element. This number is energy
dependent and can be represented only approximately by the single constant Q al-
lowed in ENDF/B. HEATR allows the user to input an auxiliary energy-dependent
Q for elements.

For elastic and discrete-level inelastic scattering, the neutron KERMA factor
can be evaluated directly without reference to photon data. For other reactions,
conservation of momentum and energy can be used to estimate the KERMA or
to compute minimum and maximum limits for the heating. HEATR includes
an option that tests the energy-balance KERMA factors against these kinematic
limits, thereby providing a valuable test of the neutron-photon consistency of

the evaluation. If the energy-balance heating numbers for a particular isotope
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should fail these tests, and if the isotope is important for a “small” system, an
improved evaluation is probably required. The alternative of making ad hoc fixes
to improve the local heat production is dangerous because the faults in the neutron
and/or photon data revealed by the tests may lead to significant errors in neutron

transport and/or photon dose and nonlocal energy deposition.

In practice, an exception to this conclusion must be made for the radiative
capture reaction (n,y). The difference between the available energy E+( and
the total energy of the emitted photons is such a small fraction of E+Q that it
is difficult to hold enough precision to get reasonable recoil energies. Moreover,
the emitted photons cause a component of recoil whose effect is not normally
included in evaluated capture spectra. Finally, the “element problem” cited above
is especially troublesome for capture because the available energy may change by
several MeV between energies dominated by resonances in different isotopes of the
element, giving rise to many negative or absurdly large heating numbers. These
problems are more important for damage calculations (see below) where the entire
effect comes from recoil and the compensation provided by later deposition of the

photon energy is absent.

For these reasons, HEATR estimates the recoil due to radiative capture using
conservation of momentum. The recoil is the vector sum of the “kick” caused by
the incident neutron and the kicks due to the emission of all subsequent photons.
Assuming that all photon emission is isotropic and that the directions of photon
emission are uncorrelated, the photon component of recoil depends on the average
of E."; over the entire photon spectrum

__E B2 5
_A+1+2(A+1)mc2’ (%)

Er

where mc? is the neutron mass energy. The second term is important below 25-
100 keV. This formula gives an estimate that works for both isotopes and elements
and has no precision problems. However, it does not explicitly conserve energy,

and isotopes with bad capture photon data can still cause problems.

B. Theory of Damage Energy

Damage to materials caused by neutron irradiation is an important design
consideration in fission reactors and is expected to be an even more important
problem in fusion power systems. There are many radiation effects that may cause
damage, for example, direct heating, gas production (e.g., helium embrittlement),
and the production of lattice defects.
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Figure 2: Examples of the portion of the primary recoil energy that
is available to cause lattice displacements in metallic lattices. The re-
maining energy leads to electronic excitation. The quantity plotted is
P(E) from Eq. (36) divided by E. The 25 eV cutoff is also discussed in
connection with Eq. (36).

A large cluster of lattice defects can be produced by the primary recoil nucleus
of a nuclear reaction as it slows down in a lattice. It has been shown that there is an
empirical correlation between the number of displaced atoms (DPA, displacements
per atom) and various properties of metals, such as elasticity. The number of
displaced atoms depends on the total available energy E, and the energy required
to displace an atom from its lattice position E,. Since the available energy is used
up by producing pairs,

E,

DPA = 2= (6)

The values of E4 used in practice are chosen to represent the empirical correlations,
and a wide range of values is found in the literature®: 9: 6 (see Table 1 for some
examples). The energy available to cause displacements is what HEATR calcu-
lates. It depend on the recoil spectrum and the partition of recoil energy between
electronic excitations and atomic motion. The partition function used was given
by Robinson” based on the electronic screening theory of Lindhard® (see Fig. 2).

The damage output from HEATR is the damage energy production cross sec-
tion (eV-barns). As in Eq. (1), multiplying by the density and flux gives eV/s.
Dividing by 2E; gives displacements/s.
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Table 1: Typical Values for the Atomic Displacement Energy Needed to ‘
Compute DPA.6

Element E;in eV Element E;in eV

Be 31 Co 40

C 31 Ni 40
Mg 25 Cu 40
Al 27 Zr 40
Si 25 Nb 40
Ca 40 Mo 60
Ti 40 Ag 60
\"/ 40 Ta 90
Cr 40 w 90
Mn 40 Au 30
Fe 40 Pb 25

C. Computation of KERMA Factors By Energy Balance

The ENDF/B files do not usually give photon production data for all partial
reactions. Summation reactions such as nonelastic (MT=3) and inelastic (MT=4)
are often used. It is still possible to compute partial KERMA factors for those

summation reactions by reordering Eq. (3) as follows:

kij =Y kL(E)=Y_Eioi(E), (M

ieJ LtedJ

where j runs over all neutron partials contained in J, and £ runs over all photon
partials in J. The total KERMA is well defined, but partial KERMAS should be

used only with caution.

HEATR loops through all the neutron reactions on the ENDF/B tape. If
energy balance is to be used, it computes the neutron contributions needed for the

first term. These are
KL(E) = [E + Qij — Fijn(E)|0i5(E) - (8)

The Q value is zero for elastic and inelastic scattering. For (n,n’) particle
reactions represented by scattering with an LR flag set, Q is the ENDF “C1” field
from MF=3. For most other reactions, Q is the “C2” field from MF=3. HEATR

allows users to override any Q value with their own numbers.

There are some special problems with obtaining the Q value for fission. First,

the fission Q value given in the C1 field of MF3 includes delayed contributions,
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and second, the Q value for fission is energy dependent. The energy dependence
can be seen by writing the mass balance equation for the reaction. In energy units,

szA+mn_mfp“'7mna (9)

where m4 is the mass energy of the target, m, is the mass energy of the neutron,
my, is the total mass energy of the fission products, and ¥ is the fission neutron
yield. Both my, and ¥ are energy dependent. It is also necessary to account for
the energy dependence of neutrino emission. Values for some of these terms and
estimates for the energy dependence are given in MF1/MT458 and the discussion
of that section in ENDF-102. We have chosen to ignore the energy dependence
of delayed beta and gamma emission because we don’t yet treat it in subsequent

codes. Therefore, the following corrections are made to get an effective Q for fission
in HEATR:

Q' = Q — 8.07TE6(E) - 7(0)) + .057E + .100E — Egp — E,p ,  (10)

where Egp and E,p are the delayed beta and gamma energies from MT458. The
term .057F is an estimate of the energy dependence of the term my,, and the term

.100F is an estimate of the energy dependence of neutrino emission.

The E, value as used in Eq. (8) is defined to include multiplicity. The multiplic-
ity is either implicit—for example, 2 for (n,2n)—or is retrieved from the ENDF/B
file (fission 7). The average energy per neutron is computed differently for discrete

two-body reactions and continuum reactions.

For elastic and discrete inelastic scattering (MT=2, 51-90),

— E

En = m@ +2Rfi + R) (11)

where f is the center-of-mass (CM) average scattering cosine from MF=4 and R is

the effective mass ratio. For elastic scattering, R=A, but for threshold scattering,

R=A\/1—@X+Elﬁ, (12)

where S is the negative of the C2 field from MF=3.

For continuum scattering, the average energy per neutron is computed from
the secondary neutron spectrum g in MF=5 using

Eu(B)= [ Bo(B,B)dE, (13)
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where U is defined in MF=5. If g is tabulated (LAW=1 or LAW=35), the integral is
carried out analytically for each panel by making use of the ENDF/B interpolation
laws. For the simple analytic representations (LAW=7, 9, or 11), the average

energies are known.9

The neutron cross sections required by Eq. (8) are obtained from an existing
PENDF file (see RECONR and BROADR).

When the neutron sum in Eq. (7) is complete, the code processes the photon
production files. If the evaluation does not include photon data, HEATR. returns
only the first sum. This is equivalent to assuming that all photon energy is de-
posited locally consistent with the fact that there will be no contribution to the
photon transport source from this material. The same result can be forced by
using the LOCAL parameter (see “User Input” below).

Discrete photon yields and energies are obtained from MF=12 or 13. Contin-
uum photon data are obtained from MF=15, and the average photon energy and
-IT."Y’ are computed. For radiative capture, the photon term becomes

E E2
-(E+Q- Y

Evoy ( +e A+1+2(A+1)mc2Y”) T (14)

where Y., is the capture photon yield from MF=12. This corrects the capture

contribution from Eq. (8) by conservation of momentum. For other reactions,

Eq. (8) is sufficient, and the product of E., Y,, and 0., is subtracted from the

neutron contribution.

D. Kinematic Limits

As an option provided mainly as an aid to evaluators, HEATR will compute
the kinematic maximum and minimum KERMA factors and compare them with
the energy-balance results. The formulas are as follows. For elastic scattering
(MT=2), the expected recoil energy is

2AFE

Egp= m;(l—fl) . (15)

For discrete-inelastic scattering (MT=51-90), the photon momentum is ne-
glected to obtain

— _ 2AE (A+1)E E
ER_(M—l)?[l_f‘VI'_Tl]"ﬂli’ (16)

VI-8 HEATR




where E,=-C2 from MF=3. For continuum inelastic scattering (MT=91), sec-
ondary neutrons are assumed to be isotropic in the laboratory system (LAB) giving

—~ E-E,
Ep=——, (17)

and
E,= (A—l)E:l(A+ 1)E, , (18)

where E., is the average photon energy expected for this representation. For
radiative capture (MT=102),

— E
R= 777 + Ex (19)
and
—_ AE
where
1 AE 2 1
E"“zMRc2 A+1+Q] {1_M3c2 A+1+Q]} (21)
with
Mpgc? = (939.512 x 108} (A + 1) - Q (22)

being the mass energy in eV.

For two-body scattering followed by particle emission (MT=51-91, LR flag

set), a minimum and maximum can be defined:

(E;{ + Ez)m;n = ER , and (23)
(E;{ + E:t)max = E-R + Q + (E'y)max ’ (24)

where ER is the value from Eq. (16) or (17), Q is the C2 field from File 3, and
(Ey)max is the negative of the C2 field from File 3. In these equations, Ej is the
recoil energy and E; is the energy of the charged product. For absorption followed
by particle emission (MT=103-120),

FE
(Er+ Ez)min A+1-z° (25)
A-1z
(Ey)max = Q+ Ati-z E , and (26)
(ER + E:c)max = E+ Q ) (27)
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where @ is the C2 field from MF=3 and z is the particle mass ratio (z=1 gives a

minimum for all reactions). For (n,2n) reactions,

(ER)min = 0, and (28)

(BRdmax = 2, (29)
and for (n,3n) reactions,

(ER)min = 0, and (30)

(ErJmas = “a2™. (31)

For both (n,2n) and (n,3n), if (ER)max is greater than ERp, it is set equal to Eg. In
addition, these formulas are not used for A<10; the following case is used instead.

For other neutron continuum scattering reactions (MT=22-37),

(ErR+ Ez)min = 0, and (32)
(ER + E:c)mux = E+ Q - E'n ) (33)

where Q is the C2 field from File 3. Finally, for fission (MT=18-21, 38), the limits
are

(ER)min = E+Q- %En - 15x10°eV , and (34)
(ER)max = E+ Q - Eﬂ ) (35)

where @ is the prompt fission Q-value less neutrinos. It is determined by taking
the total (less neutrinos) value from File 3 and subtracting the delayed energy
obtained from MF1, MT458.

These values are intended to be very conservative. Note that F is only signifi-
cant at very low neutron energy. In order to reduce unimportant error messages, a
tolerance band is applied to the above limits. If all checks are satisfied, the result-
ing KERMA factors should give good local heating results even when 99.8% of the
photons escape the local region. More information on using the kinematic checks
to diagnose energy-balance problems in evaluations will be found in “Diagnosing
Energy-Balance Problems” Section VLI.

The upper kinematic limit can also be written out to the output tape as
MT=443 if desired. It is similar to the KERMA factors generated by the MACK

code,1 and it is sometimes preferable to the energy-balance KERMA for calculating
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local heating for evaluations with severe energy-balance problems. The kinematic
value in MT443 is useful for plots (see the examples in this report).

E. Computation of Damage Energy

The formulas used for calculating damage energy are derived from the same
sources as the heating formulas given above, except in this case, the effects of scat-
tering angle do not result in simple factors like f; because the Robinson partition
function is not linear. Instead, it is calculated as follows:

Egr
P(FE) = R
(E) 1+ FL(3.4008€1/6 + 0.40244€3/4 + €)

(36)

if Eg > 25.0 eV, and zero otherwise. In Eq. (36), ER is the primary recoil energy,

_ Er
1/2
Ep = 30.724Zr71 (23 + 2]°) /(AR + AL)/AL , and (38)
2/3,1/2 2/3
F, = 0'0793ZR ZL (AR+AL) (39)

(2122/3+ lel/s)3/4 A:;{ZA}J/Q

and Z; and A; refer to the charge and atomic number of the lattice nuclei (L)
and the recoil nuclei (R). The function behaves like Er at low recoil energies
and then levels out at higher energies. Therefore, the damage-energy production
cross section is always less than the heat production cross section. See Fig. 2 for
examples.

For elastic and two-body discrete-level inelastic scattering,

_AE 9
Er(E,p) = (A+1)2(1—2R;L+R), (40)
where the “effective mass” is given by
_ | A+ 1)(=Q)
R= \/ 1 YR (41)

and u is the CM scattering cosine. The damage energy production cross section is
then obtained from

D(B) = o(B) [ F(E,) P(ERLE, u]) ds (42)
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where f is the angular distribution from the ENDF/B File 4. This integration
is performed with a 20-point Gauss-Legendre quadrature. Discrete-level reactions
with LR flags to indicate, for example, (n,n’)a reactions, are treated in the same

way at present. The additional emitted particles are ignored.

Continuum reaction like (n,n’) give a recoil spectrum

Er(E,E',p) = (E 2VEEp + E') (43)

where E’ is the secondary neutron energy, u is the laboratory cosine, and the

photon momentum has been neglected. The damage becomes

D(E)Y=o(B) [* 4B’ [ du (B, ) o(B, B) PERIE, B'l) . (40

where g is the secondary energy distribution from File 5. In the code, the angular
distribution is defaulted to isotropic, and a 4-point Gaussian quadrature is used for
the angular integration. For analytic representations of g, an adaptive integration
to 5% accuracy is used for E’; for tabulated File 5 data, a trapezoidal integration
is performed using the energy grid of the file. The same procedure is used for
(n,2n), (n,3n), etc., but it is not realistic for reactions like (n,n’p) or (n,n'a). The
neutron in these types of reactions can get out of the nucleus quite easily; thus,
much of the energy available to secondary particles is typically carried away by
the charged particles.10 HEATR treats these reactions in the same way as (n,p)

or (n,a).

The recoil for radiative capture must include the momentum of the emitted
photons below 25-100 keV giving

EZ
Er= A+1 \/A+1\/2(A+1) acoset 2(A+1)

(45)

where ¢ is the angle between the incident neutron direction and emitted photon
direction. If subsequent photons are emitted in a cascade, each one will add an
additional term of E‘? and an additional angle. A complete averaging of Eq. (45)
with respect to P(ER) would be very difficult and would require angular correla-
tions not present in ENDF/B. However, damage calculations are still fairly crude,
and an estimate for the damage obtained by treating the neutron “kick” and all

the photon kicks independently should give a reasonable upper limit because

1 E —E_;Z_
[1 D(ER)dcosé < D (A—+1) + Z;D (2MR62> . (46)
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The actual formula used in the code is

D(E) = D(/1i1L1)+1)(2MIM2 [f%+@]2>

E2 1 AE 2
+ ;D (2MRc2) -D (2Mnc2 A+1 + Q] ) ’ (47)

where the first line is computed in the neutron section, and the second line is
computed in the photon section. This form also provides a reasonable default
when no photons are given.

Finally, for the (n,particle) reactions, the primary recoil is given by

1

ER = A_H(E - 2\/ G,E*Ea COS¢ + aEa) ) (48)

where a is the mass ratio of the emitted particle to the neutron, E* is given by

A+1l-—a
2T 7%k 4
E A+l (49)
and the particle energy E, is approximated as being equal to the smaller of the

available energy

AFE
Q+ A7l (50)

or the Coulomb barrier energy

1.029 x 10%2Z
iy AT eV, (51)

where 2 is the charge of the emitted particle and Z is the charge of the target. A
more reasonable distribution would be desirable,!0 but this one has the advantage
of eliminating an integration, and most results are dominated by the kick imparted
by the incident neutron anyway. The angular distribution for the emitted parti-
cle is taken as isotropic in the lab. At high incident energies, direct interaction
processes would be expected to give rise to a forward-peaked distribution, thereby
reducing the damage. However, the importance of this effect is also reduced by
the dominance of the neutron kick.

Figure 3 gives a typical result for a damage energy production calculation,

showing the separate contributions of elastic, inelastic, and absorption processes.
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Figure 3: Components of radiation damage energy production for 27Al
from ENDF/B-VI. Note that capture dominates at very low energies,
then elastic dominates, and finally inelastic begins to contribute at very
high energies. :

F. Heating and Damage from File 6

A number of the new evaluations in ENDF/B-VI include complete energy-angle
distributions for all of the particles produced by a reaction, including the residual
nucleus. In these cases, HEATR can compute the contributions to KERMA by
calculating the average energy in the spectrum of each outgoing charged particle

or residual nucleus and using Eq. (2).

A fully-used section of File 6 contains subsections for all of the particles and
photons produced by the reaction, including the recoil nucleus. There are a num-
ber of different schemes used to represent the energy-angle distributions for these

outgoing particles. The most important ones for HEATR. follow:

e No distribution. In this case, the subsection is inadequate for use in heating
and damage calculations. A warning message is issued.

e Two-body angular distribution. These are basically the same as distributions
in File 4.

o Recoil distribution. This particle is a recoil nucleus from a two-body reaction.
Its angular distribution is assumed to be the complement of the angular
distribution for the first subsection in this section.

o CM Kalbach distribution. This format is often used by Los Alamos evalua-
tions, and transformation to the laboratory frame is required. The looping
order for the data is E, E’, p.
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o LAB Legendre distribution. This format is used in most of the Oak Ridge
evaluations for ENDF/B-VI. It is already in the laboratory frame, and the
angular information can be simply ignored.

e LAB angle-energy distribution. This format is used for the °Be evaluation of
ENDF/B-VI by Livermore. The looping order is E, u, E'.

The normal procedure is to loop through all of these subsections. The subsections
producing neutrons are skipped because they do not contribute to heating or to
damage. Subsections describing charged particles and residual nuclei are processed
into heating and damage contributions. Finally, the photon subsection is processed

for the photon energy check, even though is does not affect either heating or
damage.

For “two-body” sections, the emitted particle energy is given by

A'E
A+1

_ [aAa+1-a)
R=\=——, (53)

and A’ is the ratio of the mass of the outgoing particle to that of the incident

E' =

(1+2Ru+ R?), (52)

where

particle. The heating is obtained by doing a simple integral over p, and the
damage is computed using the integral over u given in Eq. (42). In both cases, the
integrals are performed using either a 20-point Gauss-Legendre quadrature (for

Legendre representations) or a trapezoidal integration (for tabulated data).

For “recoil” sections, the code backs up to the particle distribution and calcu-

lates the recoil using the same method described above with the sign of 1 changed.

For laboratory distributions that use the E, E’, p ordering, the angular part
can be ignored, and the heating and damage become

K(E) = / g(E—E')E'dE' (54)
and

D(E)= [ g(E—E')P(E)dE, (55)

where g(E—E’) is the angle-integrated energy. distribution from File 6, and P(E')
is the damage partition function. Trapezoidal integration is used for the contin-
uum, and the integrand is simply added into the sum for the delta functions (if
any).
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Heating for subsections that use the ordering F, p, E’ is computed using the

formula
K(E) = / { / J(E~E', p)E’dE'} dp (56)
where an inner integral is performed using trapezoidal integration for each value

in the p grid. The results are then used in a second trapezoidal integration over

u. The damage integral is performed at the same time in a parallel manner.

The problem is somewhat more difficult for subsections represented in the
center-of-mass frame. The definitions for K(E) and D(E) are the same as those
given above, except that the quantity g(E—E’) has to be generated in the lab
system. The methods used to do the transformation are basically the same in
HEATR and GROUPR. The first step is to set up an adaptive integral over E'.
The first value needed to prime the stack is obtained by calling H6CM with E/=0. It
returns the corresponding value of g in the lab system and a value for EPNEXT. The
second value for the stack is computed for E=EPNEXT. The routine then subdivides
this interval until 2% convergence is achieved, accumulating the contributions to
the heating and damage integrals as it goes. It then moves up to a new panel.
This process continues until the entire range of E’ has been covered.

The key to this process is HGCM. As described in more detail in the GROUPR
chapter of this manual, it performs integrals of the form

+1

gL(B—Ep) = [ go(E—Eb,pc)J dps., (57)
Bmin

where L and C denote the laboratory and center-of-mass systems, respectively, and

J is the Jacobian for the transformation. The contours in the Eg,uc frame that

are used for these integrals have constant E7. The limiting cosine pimin depends on

kinematic factors and the maximum possible value for Ef in the File 6 tabulation.

The ENDF/B-VI library contains a few abbreviated versions of File 6 that
contain an energy-angle distribution for neutron emission, but no recoil or photon
data. In these cases, the code computes E, from File 6 ignoring any angular
information, and it uses this value to compute a contribution to the heating by
the energy-balance method. The damage contribution is set to zero. It is assumed
that the photons corresponding to this reaction are present in MF12 or MF13, and
that their effects on the heating will be subtracted later.

G. User Input

The input instructions that follow were reproduced from the comment cards in
the current version of HEATR.
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#-—-INPUT SPECIFICATIONS (FREE FORMAT)

CARD 1
NENDF UNIT FOR ENDF/B TAPE
NIN UNIT FOR INPUT PENDF TAPE
¥OUT UNIT FOR OUTPUT PENDF TAPE
CARD 2
MATD MATERIAL TO BE PROCESSED
¥PK NUMBER OF PARTIAL KERMAS DESIRED (DEFAULT=0)
NQA NUMBER OF USER Q VALUES (DEFAULT=0)

NTEMP NUMBER OF TEMPERATURES TO PROCESS
(DEFAULT=0, MEANING ALL ON PENDF)
LOCAL 0/1=GAMMA RAYS TRANSPORTED/DEPOSITED LOCALLY
(DEFAULT=0)
IPRINT PRINT (O MIN, 1 MAX, 2 CHECK) (DEFAULT=0)
CARD 3 FOR NPK GT O ONLY
MTK MT NUMBERS FOR PARTIAL KERMAS DESIRED
TOTAL (MT301) WILL BE PROVIDED AUTOMATICALLY.
PARTIAL KERMA FOR REACTION MT IS MT+300
AND MAY XQOT BE PROPERLY DEFINED UNLESS
A GAMMA FILE FOR MT IS ON ENDF TAPE.
SPECIAL VALUES ALLOWED--
303  NON-ELASTIC (ALL BUT MT2)
304 INELASTIC (MTS51 THRU 91)
318 FISSION (MT18 DR MT19, 20, 21, 38)
401  DISAPPEARANCE (MT102 THRU 120)
443 TOTAL KINEMATIC KERMA (HIGH LIMIT)
DAMAGE ENERGY PRODUCTION VALUES--
444  TOTAL
445  ELASTIC '(MT2)
446  INELASTIC (MT51 THRU 91)
447 DISAPPEARANCE (MT102 THRU 120)
CARDS 4 AND 5 FOR RQA GT O ONLY

CARD 4

MTA MT NUMBERS FOR USERS Q VALUES
CARD &

QA USER SPECIFIED Q VALUES (EV)

(IF QA.GE.99.E6, READ IN VARIABLE QBAR
FOR THIS REACTION)

CARD 54 VARIABLE QBAR (FOR REACTIONS WITH QA FLAG ONLY)

QBAR TAB1 RECORD GIVING QBAR VERSUS E (1000 WORDS MAX)

BN OX R RO OR R R E R R R EE R R R R R R R R R R R RN RN ERERERRR
OROR RN R R R R R R R E RN R R R R KRR R R RRREERERRERR * # # # # # *»

dkdkkkkdkkkkkkkkkkkkkkkkkkkkkkkkkokkkkkkk kb kkkokkdokkkkpkkkkkkkkkkkk

Card 1 specifies the input and output units for HEATR. They are all ENDF-
type files. The input PENDF tape has normally been through RECONR and
BROADR, but it is possible to run HEATR directly on an ENDF tape in order
to do kinematic checks. In this case, the results in the resonance range should be

ignored.
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On Card 2, the default value for NPK is zero, which instructs the code to process
the energy-balance total KERMA (MT=301) only. Most often, the user will want
to include MT443 and MT444 also (NPK=2). The kinematic KERMA computed
when MT443 is requested is very useful for judging the energy-balance consistency
of an evaluation (see the subsection on “Diagnosing Energy-Balance Problems” be-
low). It can also be used instead of the energy-balance value in MT301 when local
heating effects are important and the evaluation scores poorly in an energy-balance
check. Damage energy production cross sections (MT444) should be computed for
important structural materials; this expensive calculation can be omitted for other

madterials.

When kinematic checks are desired, a number of additional MTK values can be
included. They can be determined by checking the evaluation to see what partial
KERMA factors are well defined. For old-style evaluations that do not use File
6, look for the MT values used in Files 12 and 13. Many evaluations use only
MT3 and MT102 (or 3, 18, and 102 for fissionable materials); in these cases, the
only MTK values that make sense are 302, 303, and 402 (or 302, 303, 318, and 402
for fissionable materials). Caution: in many evaluations, MT102 is used at low
energies and taken to zero at some breakpoint. MT3 is used at higher energies.
In these evaluations, the partial KERMA MT402 does not make sense above the
breakpoint, and MT3 does not make sense below it.

More complicated photon-production evaluations may include MT4 and/or
discrete-photon data in MT51-90. In these cases, the user can request MTK=304.
The same kind of energy-range restriction discussed for MT102 can occur for the
inelastic contributions. Other evaluations give additional partial reactions that
can be used to check the photon production and energy-balance consistency of an
evaluation in detail. Unfortunately, HEATR can only handle 6 additional reactions

at a time. Multiple runs may be necessary in complex cases.

Note that several special MTK values are provided for the components of the
damage-energy production cross section. They were used to prepare Fig. 3, and
they may be of some interest to specialists, but they are not needed for normal
data libraries.

In a few cases in the past, it has been necessary to change the Q values that are
normally retrieved from the ENDF tape. In addition, it is sometimes necessary to
replace the single Q value supplied in MF3 with an energy-dependent Q function
for an element. One example of the former occurred for 60 for ENDF/B-V. The
first inelastic level (MT51) decays by pair production rather than the more normal

mode of photon emission. In order to get the correct heating, it was necessary to
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change the Q value by giving Card 4 and Card 5 as follows:

61
~-5.0294E6

That is, the Q value is increased by twice the electron energy of 0.511 eV. Another
example is the sequential (n,2n) reaction for °Be in ENDF/B-V. It is necessary to
include 4 changes to the Q values:

46 47 48 49/
4R-1.6651E6/

The next example illustrates using energy-dependent Q values for elemental tita-
nium. Set NQA equal to 3 and give the following values on Cards 4, 5, and 5a:

16 103 107/
99E6 99E6 99E6/
0. 0.0018

.0e-5 2.182E6 6.0E6 2.182E6 7.0E6 2.10E6
.0OE6 -3.11E6 9.0E6 —-9.90e% 1.0E7 -1.20E6
.1ET ~1.27E6 1.4E6 -1.32E6 2.0E7 -1.48E6/

8 2

8.0E6 -8.14E6 9.0E6 -8.14E6 1.1E7 -8.38E6
1.2E7 -8.74E6 1.3E7 -1.03E7 1.4E7 -1.091E7
1.6E7 -1.11E7 2.0E7 -1.125E7/

0. 0. 00189

9 2

1.0e-6 1.82E5 4.0E6 1.82Eb E5.0E6 -1.19E6
6.0E6 -2.01E6 7.0E6 -2.20E6 8.0E6 -2.27E6
1.4E7 -2.36E6 1.7E6 -2.43E6 2.0E7 -2.37E6/
0. 0.0019

9 2

b

8

1

The next parameter on Card 2 is NTEMP. For normal runs, use zero, and all the
temperatures on the input PENDF tape will be processed. For kinematic check
runs, use NTEMP=1. The LOCAL parameter suppresses the processing of the photon-
production files, if any. The photon energy appears in the KERMA factors as if
the photons had very short range. A useful way to use the IPRINT parameter is
to set it to zero for normal runs, which produce heating and damage values at
all temperatures, and to use IPRINT=2 for the energy-balance check run, which is
performed for the first temperature on NIN only.

Card 3 gives the partial KERMA and damage selection MT numbers. Note
that the user does not include MT301 in this list. It is always inserted as the first
value automatically. Giving MT301 in this list will cause an informative message
to be issued.

Cards 4, 5, and 5a give the user’s changes to the ENDF Q values. The way in

which to use these cards was described above in connection with NQA on Card 2.
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H. Reading HEATR Output

When full output and/or kinematic checks have been requested, HEATR loops
through the reactions found in Files 3, 12, and 13. For each reaction, it prints out
information about the energies, yields, cross sections, and contributions to heating.
The energy grid used is a subset of the PENDF grid. At present, decade steps
are used below 1 eV, factor-of-two steps are used from 1 eV to 100 keV, quarter-
lethargy steps are used above 100 keV, and approximately 1 MeV steps are used
above 2 MeV. An example of this printout for elastic scattering in ENDF/B-VI

27 Al is shown below:

NEUTRON HEATING FOR MT 2 QO = 0.0000E+00 Q = 0.0000E+00

E EBAR YIELD XSEC HEATING
1.0000E-05 9.3063E-06 1.0000E+00 1.65004E+01 1.0424E-05
1.1406E-04 1.0614E-04 1.0000E+00 4 .5996E+00 3.6449E-056
1.1406E-03 1.0614E-03 1.0000E+00 1.89563E+00 1.5019E-04
1.1912E-02 1.1085E-02 1.0000E+00 1.4027L+00 1.1609E-03
1.2812E-01 1.1922E-01 1.0000E+00 1.35621E+00 1.2036E-02
4.3760E+02 4 .0710E+02 1.0000E+00 1.3473E+00 4 .0950E+01
8.8750E+02 8.2584E+02 1.0000E+00 1.3472E+00 8.3068E+01
3.0000E+03 2.7916E+03 1.0000E+00 1.3443E+00 2.8018E+02
6.0000E+03 6.6832E403 1.0000E+00 1.6952E+00 7.0663E+02
1.2000E+04 1.1166E+04 1.0000E+00 1.1130E+00 9.2791E+02
2.4000E+04 2.2333E+04 1.0000E+00 6.0689E-01 1.0119E+03

Note the identification and Q information printed on the first line; Q is the ENDF
Q value from File 3, and QO is the corresponding mass-difference Q value needed for
Eq. (3). The EBAR, YIELD, and XSEC columns contain E,, Y, and o, respectively.
The HEATING column is just (E4+Q~Y E,)o. The results are similar for discrete
inelastic levels represented using File 4. The heating due to the associated photons
will be subtracted later while MF12 or MF13 is being processed. However, if an
LR flag is set, the residual nucleus from the (n,n’) reaction breaks up by emitting
additional particles. This extra breakup energy changes the Q0 value. An example

of such a section for 27Al(n,nzs)p follows:

NEUTRON HEATING FOR MT 75 QO = -8.2710E+06 Q = -1.0760E+07

E EBAR YIELD XSEC HEATING
1.2000E+07 7 .8653E+05 1.0000E+00 8.2242E-02 2.4199E+0b
1.3000E+07 1.7116E+06 1.0000E+00 8.0121E-02 2.4176E+05
1.4000E+07 2.6427E+06 1.0000E+00 5.9282E-02 1.8296E+0b
1.5000E+07 3.6864E+06 1.0000E+Q0 4.1834E-02 1.3147E+06
1.6000E+07 4 .5096E+06 1.0000E+00 2.8880E-02 9.2977E+04
1.7000E+07 5.4335E+06 1.0000E+00 1.9867E-02 6.5472E+04
1.8000E+07 6.3848E+06 1.0000E+00 1.3677E-02 4 .5739E+04
1.9000E+07 7.2944E+06 1.0000E+00 9.4771E-03 3.2660E+04
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. 2.0000E+07 8.2479E+06 1.0000E+00 6.6142E-03 2.3025E+04

Starting with ENDF/B-VI, discrete-inelastic sections may also be given in File 6.
Such sections contain their own photon production data, and the HEATING column
will represent the entire recoil energy as in Eq. (16). (See below for detailed
discussion of ENDF/B-VI output.)

For continuum reactions that use MF4 and MF5, such as (n,n’) or (n,2n), the
neutron part of the display looks like this:

NEUTRON EEATING FOR MT 16 QO = -1,30B7E+07 Q = -1.3087E+07

E EBAR YIELD XSEC HEATING
1.4000E+07 1.9960E+06 2.0000E+00 2.4000E-02 1.3061E+04
1.5000E+07 68.6850E+05 2.0000E+00 1.2320E-01 7.4669E+04
1.6000E+07 1.0855E+06 2.0000E+00 2.0710E-01 1.6987E+0b
1.7000E+0Q7 1.4308E+06 2.0000E+00 2.6510E-01 2.866TE+05
1.8000E+07 1.6379E+06 2.0000E+00 3.0300E-01 5.0518E+056
1.9000E+07 1.7659E+06 2.0000E+00 3.3000E-01 7 .9567E+06
2.0000E+07 1.87BBE+08 2.0000E+00 3.5000E-01 1.1172E+06

Once again, the photon effects will be subtracted later.

Absorption reactions such as (n,y) or (n,p), lead to similar displays, but the
particle EBAR columns will always be set to zero (no emitted neutrons). An example
from 27Al follows:

NEUTRON HEATING FOR MT103 Q0 = -1.8278E+06 Q = —-1.8278E+06

E EBAR YIELD XSEC HEATING
2.5000E+06 0.0000E+00 1.0000E+00 3.2800E-05 2.2048E+01
3.0000E+06 0.0000E+00 1.0000E+00 1.3300E-03 1.6590E+03
3.5000E+06 0.0000E+00 1.0000E+00 1.0100E-02 1.6889E+04
4.0000E+06 0.0000E+00 1.0000E+00 6.9667E-03 1.5133E+04
4.5000E+06 0.0000E+00 1.0000E+00 1.7000E-02 4.5427E+04
5.0000E+06 0.0000E+00 1.0000E+00 2.3300E-02 7.3912E+04
1.7000E+07 0.0000E+00 1.0000E+Q0 5.5200E-02 8.3751E+06
1.8000E+07 0.0000E+00 1.0000E+00 4.7800E-02 7 .7303E+05
1.9000E+07 0.0000E+00 1.0000E+00 4.0200E-02 6.9032E+06
2.0000E+07 0.0000E+00 1.0000E+00 3.2200E-02 5.8514E+05

If File 6 is present (which happens for evaluations in ENDF-6 format only),
each reaction will be divided into subsections, one for each emitted particle. The
neutron subsections are simply skipped, because the neutrons do not contribute to
KERMA or damage. The subsection for each charged particle or residual nucleus
will give the incident energy, average energy for the emitted particle, cross section,

‘ heating contribution, and damage contribution as follows:
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FILE SIX HEATING FOR MT 28, PARTICLE = 1001 Q = -1.0180E+07
E EBAR YIELD XSEC HEATIXG
1.1000E+07 5.2780E+05 1.0000E+00 5.4397TE-05 2.8711E+01
. 2000E+07 1.2849E+06 .0000E+00 .9365E-04 .2767E+03
1.3000E+07 1.8296E+06 1.0000E+00 1.6900E-02 3.0820E+04

[
[y
©
-

1.8000E+07

3.9423E+406 1.0000E+00 1.8130E-01 7.1473E+06

1.9000E+07 4 .2382E+06 1.0000E+00 2.0571E-01 8.7185E+06

2.0000E+07 4.4673E+06 1.0000E+00 2.2625E-01 1.0107E+08
FILE SIX HEATING FOR MT 28, PARTICLE = 25065 Q = -1.0180E+07

E EBAR YIELD XSEC HEATING

1.1000E+07 2.0162E+06 1.0000E+00 6.4397E-05 1.0962E+01

1.2000E+07 2.2984E+056 1.0000E+00 9.9355E-04 2.2836E+02

1.3000E+07 2.5661E+06 1.0000E+00 1.6900E-02 4.3198E+03

1.8000E+07 3.79TO0E+05 1.0000E+00 1.8130E-01 6.8840E+04
.9000E+07 4.0300E+06 .0000E+00 .0571E-01 8.2901E+04
2.0000E+07 4.2481E+05 1.0000E+00 2.262BE-01 9.6114E+04

-
[y
N

FILE SIX HEATING FOR MT 28, PARTICLE = 0 Q = -1.0180E+07
E EBAR YIELD XSEC HEATIKG
1.1000E+07 7.6981E+04 1.0695E-01 5.4397E-05B 0.0000E+00
1.2000E+07 1.37B0E+05 4.8214E-01 9.9355E-04 0.0000E+00

1.3000E4+07 1.6672E+0b6 6.4870E-01 1.6900E-02 0.0000E+00

1.8000E+07 8.4220E+056 1.3540E+00 1.8130E-01 0.0000E+00
.9000E+07 .0182E+06 .5674E+00 .0671E-01 . 0000E+00
2.0000E+07 1.1886E+06 1.7666E+00 2.2625E-01 0.0000E+00

Y
-
-
N
[«

Note that the last subsection in this example was for emitted photons. Photons
do not contribute to the KERMA or damage, but this information is needed later
for the photon energy check.

After all the sections corresponding to MT numbers in File 3 have been pro-
cessed (using the File 4, File 4/5, or File 6 method as appropriate), the photon
production sections in Files 12 and 13 are processed, if present. File 12 data are
usually present for radiative capture (MT=102), at least at low energies. Simple
files normally give a tabulated photon spectrum. The display gives the average
energy for this spectrum in the EBAR column and the negative contribution to the
heating computed with Eq. (14) in the HEATING column. The EDAM column contains
the -E_?; term needed to compute the photon contribution to the damage, which is
given in the DAMAGE column. See Eq. (47). The display also has an extra line
for each incident energy containing the percent error “--- PC” between the total
photon energy as computed from File 12 and the value E+Q—E/(A+1) computed
from File 3. As discussed above, HEATR does not guarantee energy balance in

large systems if this error occurs. The following example shows some large errors
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due to mistakes in the ENDF/B-V evaluation for **Mn. Two columns labeled EDAM
and XSEC have been removed to show the HEATING and DAMAGE columns. The text
has also been shifted to the left of its normal position.

PHOTON ENERGY (FROM YIELDS) MF12, MT102
EGAM ..

o NN R

1
1
1
1
1.
1
1
1
1

E EBAR/ERR
CONTINUUM GAMMAS

.0000E-05 4 .6088E+06
.0000E-05 53.7 PC
.0703E-04 4.5088E+06
0703E-04 63.7 PC
.2520E-03 4 .5088E+06
.2520E-03 63.7 PC
.4292E-02 4.5088E+06
.4292E-02 63.7 PC
.3571E+04 4.4522E+06
.3571E+04 51.8 PC
.7142E+04 4.3957E+06
.7142E+04 49.9 PC
.4287E+04 4.2826E+06
.428TE+04 46.0 PC
.0868E+05 4.0563E+06
.0868E+05 38.3 PC

2

.4237E+02 ...

.4237TE+02 .

.4237E+02 .

.4237E+02 ...

.3887E+02 .

.3636E+02 ...

.2834E+02 ...

.1430E+02 ..

2.

YIELD

4791E+00

.47T91E+00

.4791E+00

.4791E+00

.4836E+00

.4881E+00

.4972E+00

.5164E+00

HEATING

.847T7E+09

.4819E+09

.3347E+08

.2830E+08

.3869E+03

.TO37E+05

.5604E+04

.3327E+04

DAMAGE

5.4975E+04

1.6806E+04

4.9159E+03

1.4561E+03

-1.2406E-01

-1.6487E+01

-2.5340E+00

-2.7289E+00

Many sections MF12, MT102 give multiplicities for the production of discrete

photons. In these cases, HEATR, prints out data for all of the parts, and it provides

a sum at the end. The balance error is printed with the sum. The following
example shows a case with discrete photons. The last two columns have been
removed (HEATING, DAMAGE), and the text has been shifted to the left.

PHOTON ENERGY (FROM YIELDS) MF12, MT102

E EBAR/ERR
1 7.7260E+06 EV GAMMA
1.0000E-05 7.7260E+06
1.1406E-04 T.7260E+06
1.1406E-03 T7.7260E+06
2.0000E+07 2.7005E+07
2 7.6950E+06 EV GAMMA
1.0000E-05 7.6960E+06
1.1406E-04 7.6950E+06
2.0000E+07 2.69T4E+07
3 6.8630E+06 EV GAMMA
1.0000E-05 6.8630E+06
1.1406E-04 6.8630E+06
1.1406E-03 6.8630E+06
89 3.1000E+04 EV GAMMA
HEATR

[y

©

EGAM
.1448E+03
.1448E+03
.1448E+03
.1448E+03

.1366E+03
.1356E+03

.1356E+03

.0330E+02
.0330E+02

.0330E+02

©

~ ~

EDAM

.9780E+02
.9780E+02
.9780E+02

.9780E+02

.9091E+02
.9091E+02

.9091E+02

.1515E+02
.151BE+02
.1515E+02

W -

XSEC

.1677E+01
.4574E+00
.0934E+00

.0000E-03

.1677E+01
.4574E+00

.0000E-03
.1677E+01

.4574E+00
.0934E+00

YIELD

w

.0000E~01
.0000E-01
3.0000E-01

W

3.0000E-01

6.0000E-02
5.0000E-02

65.0000E-02
1.2000E-03

1.2000E-03
1.2000E-03
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1.0000E-06  3.1000E+04  1.8430E-02  0.0000E+00  1.1677E+01  2.8884E-01

1.0000E-05 0.0 PC

1.1406E-04  3.1000E+04  1.8430E-02  0.0000E+00  3.4574E+00  2.8884E-01

1.1406E-04 0.0 PC

1.1406E-03  3.1000E+04  1.8430E-02  0.0000E+00  1.0934E+00  2.8884E-01
_ 1.1406E-03 0.0 PC

1.1912E-02  3.1000E+04  1.8430E-02  0.0000E+00  3.3832E-01  2.8884E-01

1.1912E-02 0.0 PC

2.0000E+07  3.1000E+04  1.8430E-02  0.0000E+00  1.0000E-03  2.8884E-01

2.0000E+07 0.0 PC

In this case (27Al), the capture efiergy production checks out perfectly for the sum
of all 89 discrete photons.

Other sections using either File 12 or File 13 generate displays similar to the

following:

PHOTON ENERGY (FROM XSECS) MF13, MT 3
E EBAR XSEC ENERGY HEATING

.1 CONTINUUM GAMMAS

2.0000E+05 3.6753E+06 4.2076E-03 1.5464E+04 -1.5464E+04
4.0500E+056 3.3863E+06 5.2873E-03 1.7904E+04 -1.7904E+04
6.0031E+05 3.1097E+06 6.4478E-03 2.0061E+04 -2.0051E+04
8.0182E+05 2.0089E+06 9.3236E-02 1.8730E+05 -1.8730E+056
1.0000E+06 9.2622E+05 1.7859E-01 1.6541E+05 -1.6541E+05
1.2000E+06 9.6161E+05 2.8320E-01 2.7239E+056  -2.7239E+06

Note that the photon Eo is simply subtracted from the HEATING column for each
incident energy.

If the partial KERMA MTK=443 was requested in the user’s input, HEATR will
print out a special section that tests the total photon energy production against
the kinematic limits (see Section VI.D above for the formulas used). An example
follows:

PHOTON EXRERGY PRODUCTION CHECK

E EV-BARNS MIN MAX
1.0000E-05 9.021BE+07 9.0187E+07 9.0200E+07
1.1406E-04 2.6712E+07 2.6704E+07 2.6708E+07
1.1406E-03 8.4479E+06 8.4453E+06 8.4466E+06
1.1912E-02 2.6138E+06 2.6130E+06 2.6134E+06
1.2812E-01 7 .9895E+06 7.9871E+05 7.9883E+05
1.2812E+00 2.5211E+06 2.5203E+056 2.5207E+056
2.6875E+00 1.7420E+05 1.741BE+05 1.7417E+05
5.5000E+00 1.2186E+056 1.2182E+06 1.2184E+06
1.1406E+01 8.4662E+04 8.4636E+04 8.4648E+04
2.4062E+01 5.8231E+04 5.8213E+04 5.8222E+04
4.9376E+01 4.0614E+04 4.0601E+04 4.0607E+04
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1.0000E+02 2.86522E+04 2.8514E+04 2.8618E+04
8.0000E+06 3.8972E+06 3.7964E+06 4.4880E+06
9.0000E+06 4.4782E+06 4.4401E+06 5.4986E+06
1.0000E+07 4.9645E+06 6.2078E+06 6.6176E+06
1.1000E+07 5.3T12E+06 6.1302E+06 7.83T7T4E+06  ——--
1.2000E+07 65.3212E+06 5.8699E+06 8.0618E+06
1.3000E+07 5.0984E+06 65.9333E+06 8.5312E+06 ---—-
1.4000E+07 4.7415E+06 b.7172E+06 8.6605E+08  ~——-
1.5000E+07 4.0795E+06 4.7419E+06 8.0409E+06  -—--
1.6000E+07 3.2621E+06 3.6806E+06 7.2734E+06  ~———-
1.7000E+07 2.8079E+06 2.8418E+06 6.6927E+06
1.8000E+07 2.7492E+06 2.291B6E+06 6.2850E+06
1.9000E+07 2.9626E+06 1.9674E+06 6.2330E+06
2.0000E+07 3.4419E+06 1.7938E+06 6.1994E+06

The low and high kinematic limits will be the same at low energies where only kine-
matics affect the calculations. They may be the same for all energies for ENDF/B-
VI evaluations that provide complete distributions for all outgoing charged par-
ticles and recoil nuclei. Normally, the limits diverge above the threshold for con-
tinuum reactions. Note that HEATR marks lines where the computed value goes
more than a little way outside the limits with the symbols ++++ or ----. It is
often convenient to extract these numbers from the output listing and plot them
(see Fig. 4). Although the energy grid is a little coarse, such plots can often be
useful (see below).

The last part of a full HEATR output listing is a tabulation of the computed
KERMA and damage factors on the normal coarse energy grid. Columns are pro-
vided for the total KERMA and for each of the partial KERMA results requested
with MTK values in the user’s input. If kinematic checks were requested, the check
values are written just above and below the corresponding partial KERMA val-
ues. In addition, LOW and HIGH messages are written just above or just below
the kinematic limits in every column where a significant violation of the limits
occurs. Caution: if summation reactions (MT3, MT4) were used to define the
photon production over some parts of the energy range, the partial KERMA re-
sults may not make sense at some energies. For example, consider the common
pattern in ENDF/B-V where MT102 is used for capture at low energies, but at
higher energies, it is set to zero, and the capture contribution is included in MT3
(nonelastic). Clearly, the partial KERMA MT402 doesn’t make sense above this
breakpoint. The following example shows part of the final KERMA listing for
ENDF/B-V Mn. The damage column was removed.

FINAL KERMA FACTORS
E 301 302 303 402
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Figure 4: Example of a plot comparing the total photon energy pro-
duction for *Mn from ENDF/B-V.1 (dashed) with the kinematic limits

(solid).
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MAX 9.8974E+04 7.7076E+04 2.1900E+04 4.9509E+01

HIGH
LOow Low
MIN 1.1397E+06 7.7800E+04 3.6168E+04 4.9760E+01
1.2000E+06 9.6321E+04 7.7800E+04 1.7521E+04 1.9482E+04
MAX 1.1397E+06 7 .7800E+04 3.6169E+04 5.1335E+01
HIGH
LOW LOw
MIN 1.4632E+05 1.0192E+056 4.4402E+04 5.3006E+01
1.4000E+06 9.8261E+04 1.0192E+06 -3.6667E+03 1.8208E+04

MAX 1.4632E+05 1.0192E+05 4.4403E+04 5.46511E+01
HIGH

MIN 2.3650E+05 1.6907E+06 6.7426E+04 1.7607E+02
1.9000E+07 7.1384E+06 1.6907E+056 6.9693E+06 1.3503E+04
MAX 2.B5435E+06 1.6907E+05 2.3744E+06 1.7939E+02

HIGH HIGH HIGHE
MIN 2.4001E+06 1.8261E+05 6.7406E+04 1.4423E+02
2.0000E+07 9.2369E+06 1.8261E+056 9.0543E+06 1.0908E+04
MAX 2.8385E+06 1.8261E+05 2.6569E+06 1.4701E+02

HIGH HIGH HIGH

The following subsection discusses how to analyze the “check” output of HEATR
in order to diagnose energy-balance errors in ENDF-format evaluations. The ex-
amples are drawn from ENDF/B-V testing.3

I. Diagnosing Energy-Balance Problems

The analysis should start with MT102, because if it is wrong, the guarantee
energy conservation for large systems breaks down. If the display for MF12,MT102
shows messages of the form “--- PC”, there may be a problem. If these messages
only show up at the higher energies, and if the size of the error increases with
energy, it is probable that the evaluator has used a thermal spectrum over the
entire energy range (this is very common). Of course, the total photon energy

production from radiative capture should equal

A

A_+1E +Q, (58)

where the rest of the total energy E+4Q is carried away by recoil. If only a ther-
mal spectrum is given, the E term is being neglected, and errors will normally

appear above about 1 MeV. The E term can be included in evaluations that use
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tabulated data by giving E-dependent spectra in File 15; and it can be included
for evaluations that use discrete photons by setting the “primary photon” flags in
File 12 properly. In practice, the capture cross sections above 1 MeV are often
comparatively small due to the 1/v tendency of capture, and the errors introduced
by neglecting the E term can be ignored.

If the MT102 errors show up at low energies, there is probably an error in the
average photon yield from File 12, in the average energy computed from File 15,
or both. In the **Mn case shown above, the yield had been incorrectly entered.
In addition, the spectrum didn’t agree with the experimental data because the
bin boundaries were shifted. Each case must be inspected in detail to find the
problems.

The next common source of energy-balance errors in ENDF files arises from
the representation used for inelastic scattering. Typically, the neutron scattering
is described in detail using up to 40 levels for the (n,n’) reaction. However, the
photon production is often described using MF13/MT3 or MF13/MT4 and rather
coarse energy resolution. As a result, it is possible to find photons for (n,n;) being
produced for incident neutron energies slightly below the MT51 threshold! These
photons would lead to a spike of negative KERMA factors. A more common effect
of the coarse grid used for photon production is to lead to an underestimate or
overestimate of the photon production by not following the detailed shape of the
inelastic cross section. The HEATR “kinematic KERMA?” is correct in this range
since only two-body reactions are active. Therefore, a plot of MT301 and MT443
on the same frame normally shows these effects in detail. Figure 5 is an example
of such a plot. Figure 6 shows both the inelastic cross section from File 3 and the
photon production cross section from File 13 to demonstrate the mismatch in the
energy grids that contributes to the energy-balance errors. These kinds of errors
are best removed by changing to a representation that uses File 12 to give photon
production yields for the separate reactions MT51, MT52, etc. This representation
makes full use of the File 3 cross sections, and as long as each section of File 12
conserves energy, the total inelastic reaction is guaranteed to conserve energy, even
at the finest energy resolution.

A method that is frequently used by evaluators of photon production files is
to select a number of nonelastic photon spectra on a fairly coarse incident-energy
grid using theory or experiment, and then to readjust the photon yield on this
energy grid so as to conserve energy at each grid point. However, the results do
not, in general, conserve energy at intermediate points. If a very coarse energy
grid is used for File 13, quite large deviations between MT301 and MT443 can
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Figure 5: Comparison of MT301 with MT443 for the region of the
discrete-inelastic thresholds for °Co from ENDF/B-V.2. Note the large
region of negative KERMA. The best way to remove this kind of problem
is by using yields in File 12, MT51, 52, 53, ...to represent the photon
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Figure 6: Plot showing the mismatch between the energy grids used for
File 3 and File 13 in the region of the thresholds for discrete-inelastic
scattering levels for the case shown in Fig. 5. The cross and ex symbols
show the actual grid energies in the evaluation.
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Figure 7: Typical energy-balance problems between points where bal-
ance is satisfied. Discrete photons were used below about 2 MeV, and
energy balance is reasonably good there. The energy points in MF13
for the continuum part are at 2, 3, and 5 MeV, and the balance is also
good at those energies. Clearly, a grid in File 13 that used steps of about
0.25 MeV between 2 and 4 MeV would reduce the size of the deviations
substantially and remove the negative KERMA factors.

result. Figure 7 shows such a case. The solution to this kind of violation of energy
balance is to add intermediate points in Files 13 and 15 until the magnitude of the
deviations is small enough for practical calculations.

Especially large energy-balance errors of this type are caused by interpolating
across the minimum formed by the decreasing capture heating and the increas-
ing inelastic heating. Figure 8 shows a dramatic example using a photon energy
production comparison.

For energies above the threshold for continuum reactions like (n,n’) or (n,2n),
it is difficult to use the results of the kinematic checks to fix evaluations. The rep-
resentation of Eqs. (17) and (18) for continuum inelastic scattering is very rough.
Comparison to other more accurate methods suggests that a CM formula would
be better here,11 even though the ENDF file says “lab.” Most other reactions
give very wide low and high limits. Two exceptions are (n,2n) and (n,3n). If they
dominate the cross section, the kinematic limits will be fairly close together. In
the 14 MeV range, energy errors could be in the photon data, the neutron data,
or both. The best way to eliminate balance errors is to construct a new evaluation
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Figure 8: Computed photon energy production (dashed) compared with
the kinematic value (solid) for * Nb from ENDF/B-V. The original File
13 has grid points at 100 keV and 1 MeV. Interpolating across that wide
bin gives a photon production rate that is much too large for energies in
the vicinity of a few hundred keV. This will result in a large region of
negative heating numbers. Since this is just the region of the peak flux
in a fast reactor, niobium-clad regions could be cooled instead of heated!
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based on up-to-date nuclear model codes.

J. Coding Details

The main program starts by reading user’s input and locating the desired
material on the PENDF tape. The main loop over temperature goes through
statement number 160. For each temperature, HINIT is called to examine the
directory. Flags are set if MF=12 or 13 is present, if MT=18 or 19 is used, and
if MT458 is present (see MGAM, MT19, and HT458). The flags MT103, MT104, MT105,
MT106 and MT107 are set if the corresponding particle production levels are present.
The MT numbers used for the levels depend on whether the input file used version
6 format or one of the earlier formats. For example, MT103 is set if MT700-749 is
found for ENDF-6 data, or if MT600-619 is found for earlier versions. The code
also checks to see if the corresponding angular distribution data are present (see
NMISS4). If any are not present, the code will assume they are isotropic. Note that
HINIT also collects a list of the File 6 MT numbers in MT6(I6). The statements
just before statement number 155 retrieve the delayed fission energy value from
MF1/MT458 QDEL for later use when calculating the heating from prompt fission.

The next step in HINIT is to make a copy of File 6 on a scratch tape (if any
sections of File 6 were found), and to make a standardized copy of the ENDF
tape using HCONVR. This subroutine also saves the grid of the total cross section
(MT=1) on the LOADA/FINDA scratch file that will be used to accumulate the
KERMA factors, damage, and kinematic checks (if requested). Note also MT303,
which tells which of the requested edits is for nonelastic heating, MT=303. This
is used later for writing out the photon energy production check.

Now NHEAT is called. Its basic function is to loop over the “nonredundant” re-
actions in File 3, and to accumulate the corresponding contributions to the partial
heating and partial damage values into the appropriate elements of the C array on
the LOADA/FINDA file. Redundant reactions are reactions that duplicate or include
effects that can be obtained from another MT number. They are determined us-
ing a set of IF statements just after the entry to the reaction loop at statement
number 105. The structure of the C array depends on whether kinematic checks
are being accumulated or not and whether photon production files are present. If

neither occurs, the structure has NPK+1 elements as follows:

Element Contents

1 energy
2 total heating
3 value for first partial

NPK+1  value for last partial
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where NPK is the number of partial KERMA or damage values being accumulated,
including the total. If checks are being accumulated, the C array has the following
3xNPK+1 elements:

Element Contents

1 energy
2 total heating
3 value for first partial

2+4NPK  lower kinematic limit for total
3+NPK  lower kinematic limit for first partial

2+2xNPK upper kinematic limit for total
3+2%«NPK upper kinematic limit for first partial

3*NPK+1 upper kinematic limit for last partial

If photon production files are present in the evaluation, the total length of the C
array increases by the following three words (LEN is the old length from above plus
three):

Element Contents
LEN-2  photon capture correction
LEN-1 total photon eV-barns
LEN total energy yield for “subtot”

Back inside the loop over nonredundant reactions, subroutine GETY1 is initial-
ized for this reaction. The code checks to see if this section uses File 6 for its
distributions; if so, it finds the corresponding section in File 6. It is now possible
to select the appropriate Q value and particle yield, and to initialize the appropri-
ate calculational routine. This routine will be SIXBAR for all reactions described
in File 6, DISBAR for two-body reactions using File 4 (including charged-particle
reactions in the 600 or 700 series of MT numbers), CONBAR for continuum reac-
tions represented using File 5, and CAPDAM for the neutron disappearance reactions
(MT=102, 103, etc.) and the charged-particle continuum reactions from the 600
or 700 series of MT numbers. The last step before beginning the energy loop for
this reaction is to call INDX, which determines which element of the C array is to

receive the heating or damage contribution from this reaction (see below).

The energy loop in NHEAT goes through statement number 190. For each en-
ergy, FINDA is called to retrieve the current values for the energy [see C(1)] and
the partial heating and damage values as accumulated so far. On the first pass
through the scratch file, the list of energies to be used for printing information on
the listing is established in ELIST using a few IF statements based on the range of

the energy variable E. For each energy, the corresponding cross section is retrieved
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using GETY1 and the appropriate E and damage numbers are computed by calling
GETSIX, DISBAR, CONBAR, or CAPDAM. The heating contribution is computed from
the appropriate formula, and the heating and damage numbers are summed into
the C array at location INDEX. If requested, the kinematic limits on the heating are
computed and summed into the C array at INDEX+NPK and INDEX+2*NPK. The com-
pleted results for this energy and reaction are written out onto the LOADA/FINDA
scratch file, and the energy loop is continued.

When the energy loop is complete, the subroutine jumps to the next section
(or subsection in the case of File 6) and repeats the entire energy loop for that
reaction (or particle from File 6).

Subroutine INDX is used to select what element of the C array is to receive
the heating or damage contribution for a section with a particular MT num-
ber. The meaning of each element of the C array is obtained from the MTP ar-
ray. Normally, a reaction MT contributes to the partial heating element with
MTP(I)=MT+300. But it can also contribute to several other elements of C, such
as nonelastic (MT303), inelastic (MT304), etc. Therefore, INDX returns the count
of reactions contributed to by MT in NMT and the indexes for the C array in IMT(NMT).

Subroutine CAPDAM is used to compute the damage energy for neutron capture
(or disappearance) reactions; that is, for MT=102, 103, etc. On the initialization
entry (EE=0), the routine sets up various kinematics parameters, such as ZX and
AX to describe the outgoing particle, and initializes DF. In order to save time,
the routine only calculates the damage on a grid that increases by steps of 10%.
Intermediate values are obtained by interpolation (see EL, DAML, EN, and DAMN).
The values at the grid points are computed using

(755) +2 (s [+ ) 2

for radiative capture (the corrections for multiple photon emission will be made
later), or using Eq. (42) with Egr from Eq. (48) and a 4-point Gauss-Legendre

quadrature. The angular distribution for particle emission is taken to be isotropic.

Subroutine DISBAR is used by NHEAT to compute the average secondary en-
ergy and damage energy for elastic scattering (MT=2), discrete-inelastic scat-
tering (MT=51-90), or discrete-level particle production (MT=600-648, 650-698,
etc. for ENDF/B-VI, or MT=700-717, 720-737, etc. for earlier versions). It starts
by initializing HGTFLE (which is very similar to GETFLE in the GROUPR module),
determining kinematic parameters like AWP (the mass ratio to the neutron for the

emitted particle), and initializing DF. In order to save time, it only computes the
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heating and damage on a grid based on steps by a factor of 1.1 and the ENEXT
values from HGTFLE. On a normal entry, it interpolates between these values (see
EL, CL, DAML, EN, CN, and DAMN). When the desired EE exceeds EN, the old high
values are moved down to the low positions, and new high values are calculated.
The calculation of CN follows Eq. (11). The calculation of DAMN uses Eq. (42) with
a 20-point Gauss-Legendre quadrature (see NQ, QP, and QW).

Function DF is used to compute the damage partition function given in Eq. (36).
The constants that depend on the recoil atom or particle type and lattice type (see
ZR, AR, ZL, AL) are computed in an initialization call with E=0. Thereafter, it can
be called with any other value of E.

Similarly, CONBAR computes the average secondary energy and damage energy
for continuous distributions described in File 5. Analytic representations use sim-
ple formulas coded into ANABAR or a combination of adaptive and Gaussian quadra-
ture in ANADAM. Tabulated data are interpolated from the File 5 table using TABBAR
or integrated using trapezoidal and Gaussian quadratures in TABDAM. As usual, the
routine is initialized by calling it with E=0. The secondary-particle yield is either
chosen from the MT number, or HGTYLD is initialized. The desired section of File
5 is located on the input ENDF tape, and the kinematic constants are computed.
The reactions with MT=22, 28, 32, 33, and 34 will be treated using the CAPDAM
method; if MTD has one of these values (see MTT), CAPDAM is initialized. As is the
case for GETSED in the GROUPR module, this routine can handle some sections of
File 5 that contain multiple subsections, but the analytic subsections must come
first. The loop on subsections goes through statement number 104. As each an-
alytic subsection is read, appropriate data are stored in memory using pointers
in the array LOC. Only the first energy is read and stored for a tabulated subsec-
tion (LF=1). The idea is to have only two energy values in memory at a time in
order to save storage; the second subsection will be read during the first normal
entry to the subroutine. The final step in the initialization pass is to initialize DF.
For a normal entry into CONBAR, the energy-dependent fission yield is retrieved,
if needed, and the loop over subsections is entered (see “D0 420 IK=1,NKTOT”).
Each subsection in File 5 starts with a fractional-probability record. The desired
value for energy E is computed by interpolation using the standard NJOY utility
routine TERPA. For analytic subsections, the routine jumps to statement number
400 and uses ANABAR to compute E,, and ANADAM or CAPDAM to compute the dam-
age energy. Note that in order to save time, ANADAM is only calculated on a fairly
coarse grid based on steps by a factor of 1.5. The intermedijate values are obtained
by interpolation using TERP1. For tabulated subsections, EBAR and DAME values
are normally obtained by interpolation (see ELO, FLO, DLO, EHI, FHI, and DHI).
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However, for the first entry, or whenever E reaches EHI, the high data are moved
into the low positions, new high data are read from the File 5 subsection, and
the values for heating and damage are computed at EHI using TABBAR and either
TABDAM or CAPDAM.

Subroutine HGTYLD is similar to GETYLD in the GROUPR module. It finds
the required section on the ENDF tape and reads the entire LIST or TAB1 record
into memory. On normal entries, it either computes the yield using the polynomial

formula with constants from the LIST record, or it uses TERPA to interpolate for
the yield in the TAB1 data.

Subroutine ANABAR is used to compute the average energy for a neutron de-
scribed by an analytic subsection of File 5. The simple formulas used are tabulated
in the ENDF format manual.? Similarly, ANADAM is used to compute the damage
energy for an analytic subsection of File 5. Only LF=9 (the Simple Maxwellian
Distribution) is supported; the routine returns zero for other laws. Note that a
statement function is defined to compute the secondary energy distribution for
this law (see SED). For each incident energy, the spectrum temperature THETA is
retrieved using TERPA, and an adaptive integration stack is initialized with points
at four secondary energies, namely, 1., .5(E-U), 8, and E—U, where U is a param-
eter that sets the maximum possible value of E’. The adaptive procedure proceeds
to solve Eq. (44) by subdividing this starting grid until trapezoidal integration can
be used on each panel. The inner integral over emission cosine u is performed us-
ing a 4-point Gauss-Legendre quadrature for each point on the adaptive grid. The
statement function GETSED is used to compute g(E’), and DF is used to compute
the partition function.

Subroutine TABBAR is used to compute the mean energy of the emitted neutron
for a tabulated subsection of File 5. It can also be used for a tabulated subsection
of File 6. This option is flagged by LAW negative. The trick is to set the “stride”
or “cycle” through the file to be larger than 2 (see NCYC). The angular part of
the g(E—E’) table is skipped, and only the E’ and g values are retrieved. For
File 5, this routine only works for laws 1 and 5; others cause a fatal error message
to be issued. In both of these cases, the integral over E’ needed to compute the
average energy is done analytically for each panel in the input data using a different

formula for each interpolation scheme INT.

Subroutine TABDAM is used to compute the damage energy for a tabulated
subsection of File 5. The integration that is needed is given in Eq. (44). The
energy grid of the tabulation is assumed to be good enough to allow trapezoidal

integration to be used for E’, and a 4-point Gauss-Legendre quadrature is used
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for p.

Subroutine SIXBAR is used to compute charged-particle average energy and
damage energy represented by using a subsection of File 6. In some evaluations,
File 6 sections occur that contain only neutron data and no charged-particle or
recoil spectra. In these cases, SIXBAR is used to compute the neutron average
energy for the energy-balance method, and no damage energy is computed. As
is common with NJOY subroutines, SIXBAR is initialized by calling it with E=0.
The first step is to read in the TAB1 record that contains the particle yield and
identity (ZAP and AWP).

If the particle described by the subsection is a neutron, and assuming that there
is more than one subsection (see N6), the routine skips over the neutron subsection
and returns EBAR=-1 as a flag to the calling program. On some subsequent entry,
the particle will not be a neutron, and the code jumps to statement number 200 to
check whether the particle is a recoil nucleus. If it is, the routine backs up to the
first subsection again, which it assumes is the particle causing the recoil. Note that
this puts some restrictions on the form of File 6. When the code finally arrives
at statement number 210, it is ready to start processing the current subsection.
It reads in the parameters for laws 3 and 6, or the TAB2 record and the data
for the first energy point for the other laws. With the data in place, it computes
the corresponding values for mean energy and damage energy using GETSIX and
returns.

In the special case where the section contains only a single subsection that
describes a neutron, the data stored in memory will be the data for that subsection,
and the subroutine TABBAR with a negative value for the law is used to produce
the low values.

On a normal entry (E>0), SIXBAR checks to see whether E is in the current
interpolation range. If it is, the code jumps to statement number 400. For the
analytic laws (LAW=3 and LAW=6), it uses a direct call to GETSIX to compute the
mean energy and damage energy. For the tabulated laws, it interpolates for the
results using the low and high data (see ELO, FLO, DLO, EHI, FHI, and DHI). On the
first entry, or whenever E increases to EHI, the code moves the high data to the
low positions, and then it reads in the data for the next energy and computes a

new set of high values for mean energy and damage using GETSIX or TABBAR.

Subroutine GETSIX is used to compute the mean energy and damage energy for
one particular incident energy in a subsection of File 6. The method used depends
on the value of LAW and the reference frame for the subsection. The first case in
the coding is for LAW=1 with data in the CM system.
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This case uses Egs. (54) and (55) with an adaptive integration over E’. The
integration stack is contained in the arrays X and Y. It is primed with X(2)=0, and
H6CM is called to compute Y(2) and the next grid point EPNEXT. The first panel is
completed by calculating Y(1) and X(1)=EPNEXT. The panel is then divided in halt
and the midpoint is tested to see if it is within TOL=.02 (i.e., 2%) of the linearly
interpolated value. If not, the midpoint is inserted in X and Y, and the new top
panel [that is X(2)—X(3)] is tested. This continues until convergence is achieved
in the top panel. The contributions to the heating and damage are added into the
accumulating integrals at statement number 190, and I is decremented so that the
process can be repeated for the next panel down. When I decreases to one, the
current value of EPNEXT is used to start the next higher E’ panel. This loop over
panels continues until the entire E’ range has been integrated.

The next special case is for tabulated distributions that use E, E’, u ordering
in the lab system. The angular part is ignored. a simple loop over the NEP points
in g(E—E') is started with “DO 415.” Trapezoidal integration is used for each
panel for both heating and damage (H and D). If ND>0, the first ND entries are
discrete energies, and the values of the integrand at those energies are added into
H and D. Finally, H and D are copied into EBAR and DAME.

The block of coding starting at statement number 450 is used to compute parti-
cle mean energies for the emitted particles from two-body reactions, or to compute
the mean recoil energy for a two-body reaction (see IREC>0). The calculation fol-
lows Eq. (52). Note that the kinematic factors include AWP, the mass ratio of the
emitted particle to the incident particle. The parameter BETA here is the same as
R in Eq. (53). If the angular distribution in File 6 is in Legendre form, the heating
and damage integrals are performed using a 20-point Gauss-Legendre quadrature
(see NQ, QP, and QW). The quadrature loop starts with “D0 470”. If the angular
distribution is tabulated as f(u) vs u, a trapezoidal integration is used for both
heating and damage (see “DO 490”).

The final option in GETSIX is for lab distributions that use E, u, E' ordering.
See Eq. (56). The inner integrals are computed using trapezoidal integration in
the “DO 540" loop. The outer integral over u also uses trapezoidal integration on
the results of the inner integrals for each u grid point. See “D0 550.”

Subroutine H6CM is used by GETSIX to compute the lab distribution g(E—EL)
of Eq. (57) using the CM data in File 6. This subroutine uses H6DDX, SEPH, and
H6PSP to retrieve the CM tabulated or phase-space data from the file. These three
routines are basijcally the same as F6CM, F6DDX, SEPE, and F6PSP in GROUPR. See
Chapter VIII of this manual for more details.
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Subroutine GHEAT is used to correct the heating and damage values accumulated
during the pass through the neutron sections. It loops through all of the reactions
in File 12 and File 13 using two ENDF-type tapes. One is the input PENDF tape,
which is used to retrieve cross sections for use with the photon multiplicities in File
12. The other is a version of the input ENDF tape that has been passed through
HCONVR to put the photon data in a standard form (see the GROUPR chapter of
this manual for a more detailed discussion of CONVER). This scratch tape is used
to retrieve the File 12 and File 13 data. It is very common to find reaction MT3
(nonelastic) in File 12, but this reaction has been removed from the PENDF tape
because it is redundant; that is, it is equal to MT1—MT2. Therefore, two passes
are made through the File 12 data for MT3, an addition pass with MT1 from the
PENDF tape, and a subtraction pass with MT2 from the PENDF tape. Once
the desired sections on the two tapes have been found, the subroutines GAMBAR,
CAPDAM, and DISGAM are initialized.

The energy loop for GHEAT goes through statement number 190. For each
energy, FINDA is used to retrieve the partial KERMA factors as computed from
the pass through the neutron files. The yield or cross section is retrieved using
GETY1 into the variable Y. If necessary, the corresponding cross section X is retrieved
using GETY2. For cases where an energy-dependent Q is available, it is retrieved
using TERP1 on the data stored at LQX. The next two lines correct the energy of
“primary” photons (LP=2).

For radiative capture represented in File 12 (MT102), GAMBAR, DISGAM, and/or
CAPDAM are called to return E. and EZ/(2mpc?) for this photon spectrum or
discrete photon and to correct the heating and values in the C array using Eq. (14)
and the second line of Eq. (47). The capture contribution to the total photon eV-
barns is added into C(NPKK-1) and the photon energy yield is loaded into C(NPKK)
for each subsection. When the last subsection is reached, the capture energy check
is made using this subtotal. Note that the capture error is loaded into C(NPKK-2)

for later use in calculating the kinematic limits for photon energy production.

For other photon-production reactions, the photon eV-barns contributions is
subtracted from the energy-balance heating positions, added into the total photon
energy value in C(NPKK-1), and added into C(NPKK) for the subtotal for a section
with multiple subsections. After all the corrections have been completed for this
energy, the revised values are written out using LOADA. The code then moves on
to the next reaction and repeats the entire process.

When the reaction loop has been finished, GHEAT checks to see if it can print

out a photon energy production check. It can do this if kinematic checks have
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been requested and if MT303 was requested in the user’s list of partial KERMA
calculations. The code reads through the LOADA/FINDA file one more time. For
each energy in ELIST, it prints out the total photon eV-barns from C(NPKK-1)
and the kinematic limits ELO and EHI. If the limits are violated by more than 10%,
alarms consisting of the strings ++++ or --~- are printed after the eV-barns values.

Subroutine GAMBAR is used to compute the mean energy for continuous photon
spectra and the photon recoil correction for capture. When called with E=0, it
locates the desired section of File 15 on the ENDF tape and reads in the first
incident energy. On a normal entry, it checks to see if E is in the range of the
data already computed (ELO, EHI, etc.), and if so, it interpolates for the desired
results. If not (or on the first real entry), it moves the high data down to the low
positions, reads in the next energy from File 15, prepares new values at the new
EHI, and checks the energy range again. The photon EBAR is returned by TABBAR,
and the corrections to the heating value (ESQB) and damage value (ESQD) from
photon production are generated using TABSQR.

Subroutine TABSQR is used to compute the average recoil energy

E2
2Mpc?

(60)

for radiative capture for a tabulated subsection of File 15. The corresponding
damage energy is computed at the same time. The basic secondary-energy integral
is over the panels defined by the grid points given in File 15. Inside each panel,
the integral is computed using a 4-point Gauss-Legendre quadrature.

Subroutine DISGAM is used to compute the E_,"; and corresponding damage en-
ergy for a discrete capture photon. The rest-mass constant is computed by calling
DISGAM once with E=0.

Subroutine HOUT writes the new PENDF tape with the desired thermal MT
numbers added. It also correct the directory in MF1/MT451, and it prepares the
output listing for printing. The first step is to loop through the partial KERMA
factors requested and to write the data on the LOADA/FINDA file onto a scratch
tape in ENDF File 3 format. While the first partial is being prepared, the code
matches energies in C(1) against the energy list for printing in ELIST. When a
match is found, the partial KERMA factors are checked against the kinematic
limits, and the variables KLO or KHI are set if any of the comparisons are out of
bounds. The KERMA factors, kinematic limits, and error flags are then printed
on the output listing. When all of the new sections for File 3 have been prepared,
the code updates the contents of the File 1 directory. It then loops through the
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rest of the input PENDF tapes copying sections to the output and inserting the
new sections in the appropriate places.

If the ENDF/B material includes photon production data, the energy carried
away by photons is subtracted from the accumulating KERMA factors in GHEAT.
The damage cross section is also corrected for photon momentum. First, a scratch
file is prepared containing MF=12 and 13. Transition probability arrays are con-
verted using CONVER if present. A loop is set up over all reactions in File 12 and
File 13. Tabulated energy distributions are integrated using GAMBAR (both E., and
'E_,"; are computed for MT=102). In order to avoid requiring MF3/MT3 pointwise
data, the code uses MT1-MT2 to compute the nonelastic neutron cross section if
it is needed.
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K. Error Messages

ERROR IN HEATR#*+*REQUESTED TOO MANY KERMA MTS

6 values in addition to MT=301 are allowed with kinematic checks; otherwise,
25 can be requested. See NPKMAX=28. When checks are requested, the number
of words needed is 3*NPK+7; otherwise, NPK+3 are needed.

ERROR IK HEATR***REQUESTED TOO MANY Q VALUES

Limited to 31 only (see NQAMAX).

ERROR IN HEATR*x*MODE CONVERSION NOT ALLOWED BETWEEN NIN AND NOUT
Both units must be BCD (positive) or blocked binary (negative).

ERROR IN HEATR#*xT00 MANY MF6 REACTIONS

A maximum of 320 reactions are allowed. See the arrays MT6 and MT6G.

MESSAGE FROM HEATR---MT301 ALWAYS CALCULATED
MT301 was given in the input list of partial KERMA factors. This is not
necessary; it is always inserted automatically.

MESSAGE FROM HINIT---MF4 MISSING, ISOTROPY ASSUMED...

Cross sections were found for charged-particle levels in the 600 or 700 series
of MT numbers, but no corresponding angular distributions were found.
Isotropy is assumed to enable the calculation to proceed, but this evaluation
should be upgraded to include the proper sections of File 4.

MESSAGE FROM HINIT---MTi8 IS REDUNDANT...

If MT19 is present, MT18 will be ignored.

MESSAGE FROM HINIT---MT19 HAS NO SPECTRUM...

In some evaluations, the partial fission reactions MT19, 20, 21, and 38 are
given in File 3, but no corresponding distributions are given. In these cases,
it is assumed that MT18 should be used for the fission neutron distributions.

MESSAGE FROM NHEAT---CHANGED Q FROM --- TO ---

The fission Q value is adjusted from the total (non-neutrino) value given in
File 3 to a prompt value using the delayed neutron energy from MF1/MT458.

ERROR IN NHEAT**xBINDING ENERGY FOR SEQUENTIAL ...

The user must enter special Q values for the ENDF/B evaluation for Be-9.
See the discussion in Section VI.G.

ERROR IN NHEAT***STORAGE EXCEEDED
Insufficient storage for diagnostic energy grid. See ELIST(100) and ILMAX.

ERROR IN CONBAR**xNKTOT GT NKMAX

More than 12 subsections found. See NKMAX and D1, D2, E1, E2, and LOC, all
dimensioned 12.
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‘ ERROR IN CONBAR***TABULATED SUBSECTION MUST BE LAST
Required by organizational problems. If the tabulation is last, it can be read
with the data for only two energies in memory at one time. This situation is
satisfied in versions IV and V. Other evaluations may have to be modified.
ERROR IN CONBAR***INSUFFICIENT STORAGE FOR RAW ENDF DATA
Main container array is too small. Increase the size of array A(12000) in
common block /HSTORE/ and adjust NAMAX (These variables are in HEATR).
ERROR IN HGTYLD***ILLEGAL LND

Assumes a maximum of six time groups for delayed neutrons.

ERROR IN HGTYLD***xSTORAGE EXCEEDED
Increase NWMAX in NHEAT. Currently 2500.

ERROR IN TABBAR***CODED FOR LF=1 AND LF=5 ONLY

Self-explanatory. Should not occur.

MESSAGE FROM SIXBAR---MT nnn DESCRIBES NEUTRONS ONLY...

Some ENDF/B-VI evaluations contain energy-angle distributions for neu-

trons in File 6 but do not contain the associated recoil distribution. The

code has to use the energy-balance method for this reaction, and the dam-

age is set to zero. Most of these cases are for fissionable materials, where
l these approximations are of little consequence.

MESSAGE FROM SIXBAR---NO DISTRIBUTION FOR MT --- ...

The ENDF-6 format allows the evaluator to describe a subsection of File 6
with “LAW=0"; that is, no distribution is given. Such sections are fine for
giving particle yields for gas production and similar applications, but they
are not adequate for computing heating and damage.

ERROR IN H6DDX***xILLEGAL LANG
The allowed values for the angular law flag are 1, 2, and 11-15.

ERROR IN H6DDX#**TABULATED ANG. DIST. NOT CODED

This version does not handle tabulated angular distributions for the CM
system.

ERROR IN SEPH***DOMINANT ISOTOPE NOT KNOWN FOR ...

The Kalbach-systematics approach to computing angular distributions for
particle emission requires the separation energy as computed by the liquid
drop model. If the target for an evaluation is an element, it is necessary
to choose a dominant isotope that adequately represents the effect for this
element. Dominant isotopes for materials often evaluated as elements are
given in IF statements in this routine. If the desired value is missing, it
must be added, and NJOY will have to be recompiled. See the corresponding
routines in GROUPR and ACER as well.

ERROR IN H6PSP**%*3, 4 OR 5 PARTICLES ONLY
. The phase-space law is defined for 3, 4, or 5 particles only.
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ERROR IN HGTFLE***xLAB DISTRIBUTION CHANGED TO CM...

ENDF procedures require that two-body reactions be described in the CM
system. Some earlier evaluations claim to be in the lab system. However,
they are for relatively heavy targets, and changing to the CM frame will
cause only a small change in the results.

ERROR IN HGTFLE***DESIRED ENERGY ABOVE HIGHEST ENERGY GIVEN
Fault in the evaluation.

ERROR IN GETCO**xLIMITED TO 21 LEGENDRE COEFFICIENTS
Normal ENDF limit.

ERROR IN GETCO***LAB TO CM CONVERSION NOT CODED
Discrete scattering data should be in the CM system already.

MESSAGE FROM HCONVR---GAMMA PROD PATCH MADE FOR MT ---

This reflects some problems in the old ENDF-III evaluations for Cl and K,
which were also carried over to later ENDF versions.

ERROR IN GHEAT*%*xL0=2 NOT CODED

Will not occur since L0=2 data have been transformed to LO=1 format by
HCONVR.

MESSAGE FROM GHEAT---NO FILE 12 FOR THIS MATERIAL
Information only.

ERROR IN GAMBAR***REQUESTED ENERGY AT HIGHEST ENERGY GIVEN
Some fault in MF15 data.

ERROR IN GAMBAR***xSTORAGE EXCEED IN A
Increase container array /JHSTORE/ and parameter NAMAX in HEATR.

ERROR IN GAMBAR**xREQUESTED ENERGY GT HIGHEST GIVEN
Probably reflects an error in the evaluation.

L. Storage Allocation

Variably dimensioned dynamic storage allocation is used for most data. Storage
requirements are dominated by the length of File 5 or File 15 for the evaluation.
The size of common /HSTORE/ and the parameter NAMAX in HEATR may be adjusted
accordingly. The LOADA/FINDA buffer size NBUF may be decreased or increased at
will. The code is currently dimensioned as follows:

100  coarse grid points

31 auxiliary Q values

25  partial KERMAS (7 when kinematic limits are requested)
12000 total storage
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VII. THERMR

The THERMR module generates pointwise neutron scattering cross sections
in the thermal energy range and adds them to an existing PENDF tape. The
cross sections can then be group-averaged, plotted, or reformatted in subsequent
modules. THERMR works with either the original ENDF/B-III thermal format!
and data files? (which were also used for ENDF/B-IV and -V), or the new ENDF-
6 format.3 Coherent elastic cross sections are generated for crystalline materials
using either parameters given in an ENDF-6 format evaluation or an extended
version of the method of HEXSCAT#. Incoherent elastic cross sections for non-
crystalline materials such as polyethylene and ZrH can be generated either from
parameters in an ENDF-6 format file or by direct evaluation using parameters
included in the THERMR coding. Inelastic cross sections and energy-to-energy
transfer matrices can be produced for a gas of free atoms, or for bound scatterers
when ENDF S(«, B) scattering functions are available. This function has previ-
ously been performed using FLANGE-IL.5> THERMR has the following features:

e The energy grid for coherent elastic scattering is produced adaptively so as
to represent the cross section between the sharp Bragg edges to a specified
tolerance using linear interpolation.

o The secondary energy grid for inelastic incoherent scattering is produced
adaptively so as to represent all structure with linear interpolation.

e Incoherent cross sections are computed by integrating the incoherent matrix
for consistency.

e Free-atom incoherent scattering is normalized to the Doppler broadened elas-
tic scattering cross section in order to provide an approximate representation
of resonance scattering and to preserve the correct total cross section.

o Discrete angle representations are used to avoid the limitations of Legendre
expansions.

¢ Hard-to-find parameters for the ENDF/B-III evaluations are included in the
THERMR code for the user’s convenience.

e ENDF-6 format files can be processed. This gives the evaluator more control

over the final results, because all parameters needed to compute the cross
sections are contained in the file.

A. Coherent Elastic Scattering

In crystalline solids consisting of coherent scatters—for example, graphite—
the so-called “zero-phonon term” leads to interference scattering from the various
planes of atoms of the crystals making up the solid. There is no energy loss in
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Figure 1: Typical behavior of the coherent elastic scattering cross section
for a crystalline material as computed by THERMR. This cross section
is for graphite at 300 K.

such scattering, and the ENDF term for the reaction is coherent elastic scattering,.

The cross section may be represented as follows:

o, _ .
(B, B ) = 2 3 fie P (i - wo) S(E - E) (1)
E;<E
where E
Ho=1-—+, (2)

and the integrated cross section is given by

o _ .
oc°h — f Z fie 2WE; (3)
E.>E

In these equations, E is the incident neutron energy, E’ is the secondary neutron
energy, 4 is the scattering cosine in the laboratory (LAB) reference system, o, is
the characteristic coherent cross section for the material, W is the effective Debye-
Waller coefficient (which is a function of temperature), the E; are the so-called

“Bragg edges”, and the f; are related to the crystallographic structure factors.

It can be seen from Eq. (3) and the example in Fig. 1 that the coherent elastic
cross section is zero before the first Bragg edge, F; (typically about 2 to 5 meV).
It then jumps sharply to a value determined by f; and the Debye-Waller term.
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At higher energies, the cross section drops off as 1/FE until E=E,. It then takes
another jump and resumes its 1/E drop-off. The sizes of the steps in the cross
section gradually get smaller, and at high energies there is nothing left but an
asymptotic 1/E decrease (typically above 1 to 2 eV).

For evaluations in the new ENDF-6 format, the section MF7/MT2 contains
the quantity E0'°°h(E) as a function of energy and temperature. The energy
dependence is given as a histogram with breaks at the Bragg energies. The cross
section is easily recovered from this representation by dividing by E. The E; are
easily found as the tabulation points of the function, and the f; for a point can be
obtained by subtracting the value at the previous point.

For evaluations using the older ENDF/B-III thermal format, it is necessary to
compute the E; and f; in THERMR. The methods used are based on HEXSCAT4
and work only for the hexagonal materials graphite, Be, and BeO. The Bragg edges
are given by

R?r?

8m

) (4)

i

where 7; is the length of the vectors of one particular “shell” of the reciprocal
lattice, and m is the neutron mass. The f; factors are given by

- n2h2 }: F(r)? 5
= gy S PO (5)

where the shell sum extends over all reciprocal lattice vectors of the given length,
N is the number of atoms in the unit cell, and F is the crystallographic structure
factor. The calculation works by preparing a sorted list of precomputed 7; and f;
values. As 7; gets large, the values of r; get more and more closely spaced. In order
to save storage and run time, a range of 7 values can be lumped together to give a
single effective 7; and f;. This device washes out the Bragg edges at high energies
while preserving the proper average cross section and angular dependence. The
current grouping factor is 5% (see EPS in SIGCOH).

Lattice constants (given in SIGCOH for graphite, Be, and BeQ), form factor for-
mulas (see FORM), Debye-Waller coefficients, and methods for computing reciprocal
lattice vectors were borrowed directly from HEXSCAT.

The energy grid for E is obtained adaptively (see COH). A panel extending
from just above one Bragg edge to just below the next higher edge is subdivided by
successive halving until linear interpolation is within a specified fractional tolerance

(TOL) of the exact cross section at every point. This procedure is repeated for every
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panel from the first Bragg edge to the specified maximum energy for the thermal
treatment (EMAX).

The code usually computes and writes out the cross section of Eq. (3), the av-
erage over u of Eq. (1), which is sometimes called the P cross section. Subsequent
modules can deduce the correct discrete scattering angles po from the location of
the Bragg edges E; and the factors f; from the cross-section steps at the Bragg
edges (see GROUPR). Legendre cross sections can also be computed by making
a small change to the code. It is not necessary to give the Py, P2, and P3 cross
sections explicitly as was done in some earlier codes or in File 4 of the ENDF

thermal tapes.

B. Incoherent Inelastic Scattering

In ENDF/B notation, the thermal incoherent scattering cross section is given
by
oy, |FE'

i\ E &S, (6)

where F is the initial neutron energy, E’ is the energy of the scattered neutron,

a,inc(E’ E', l‘) =

p is the scattering cosine in the laboratory system, o} is the characteristic bound
incoherent cross section for the nuclide, T is the Kelvin temperature, 8 is the

dimensionless energy transfer,

E'—-FE
B = kT’ (7)

« is the dimensionless momentum transfer,

_ E'+E-2uEE
= AET ’ 8)

k is Boltzmann’s constant, and A is the ratio of the scatter mass to the neu-
tron mass. The bound scattering cross section is usually given in terms of the

characteristic free cross section, oy,

P ©)

The scattering law S(c, 3) describes the binding of the scattering atom in a ma-
terial. For a free gas of scatterers with no internal structure

2 2
S(a,B) = \/_ZIT—aexp{_a ;ﬂ } .
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For binding in solids and liquids, S(a, ) for a number of important moderator
materials is available in ENDF/B File 7 format. The scattering law is given as
tables of S versus a for various values of 3. Values of § for other values of a and
B can be obtained by interpolation. The scattering law is normally symmetric in
B and only has to be tabulated for positive values, but for materials like ortho-
hydrogen and parahydrogen of interest for cold moderators at neutron scattering
facilities, this is not true. These kinds of materials are identified by the ENDF-6
LASYM option, and THERMR assumes that the scattering law is given explicitly
for both positive and negative values of 3.

If the a or 8 required is outside the range of the table in File 7, the differential
scattering cross section can be computed using the short collision time (SCT)
approximation

SCT v v_ 9% _ JETE _(e|=8>T B+|Al
g (E’E’ﬂ)_2kT\/_41r|a'[_Teﬂ'7TexP 4la| T 2 » (1)

where T.q is the effective temperature for the SCT approximation. These tem-
peratures are available? for the older EN DF/B-III evaluations; they are usually
somewhat larger than the corresponding Maxwellian temperature 7. For the con-
venience of the user, the values of T.g for the common moderators are included as
defaults (see input instructions). For the new ENDF-6 format, the effective tem-
peratures are included in the data file. However, there is a complication. Some
evaluations give S(a,f) for a molecule or compound (in the ENDF/B-III files,
these cases are BeO and CgHg). The corresponding SCT approximation must
contain terms for both atoms. The two sets of bound cross sections and effective
temperatures are included in the data statements in THERMR, and they can be
given in the new ENDF-6 format if desired.

THERMR expects the requested temperature T to be one of the temperatures
included on the ENDF/B thermal file, or within a few degrees of that value (296
K is used if 300 K is requested). Intermediate temperatures should be obtained by

interpolating between the resulting cross sections and not by interpolating S(a, 3).

The secondary energy grid for incoherent scattering is obtained adaptively (see
CALCEM). A stack is first primed with the point at zero and the first point above zero
that can be derived from the positive and negative values of 8 from the evaluator’s
B grid using Eq. (7). (For free-gas scattering, the 8 grid is taken to have the two
entries 0. and 25.). This interval is then subdivided by successive halving until
the cross section obtained by linear interpolation is within the specified tolerance
of the correct cross section (from SIGL). The next highest energy derived from
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Figure 2: Adaptive reconstruction of two of the emission curves for
graphite at 300 K (E=.00016 eV to the left, and E=.1116 eV to the
right). Note the presence of excitation features from the phonon fre-
quency spectrum for both upscatter and downscatter. The breaks in the

curves are due to 3 interpolation in S(e,3) and not to the tolerances in
the reconstruction process. The dashed curves are the corresponding free
gas results.

the 8 grid is then calculated, and the subdivision process is repeated for this new
interval. This process is continued until the 8 grid has been exhausted. Excess
points with zero cross section are removed before writing the spectrum into File
6. This procedure is sure to pick up all the structure in the evaluation; giving
points related to the 8 grid avoids excessive work in trying to fit sharp corners
introduced by breaks in the interpolation of S(a,8). Figure 2 shows how the
procedure picks up features resulting from the sharp excitation features in the
graphite phonon frequency distribution. The result of this adaptive reconstruction

is easily integrated by the trapezoid rule to find the incoherent cross section at
energy FE.

The cross section for one particular E—E’ is the integral over the angular
variable of Eq. (6). The angular dependence is obtained by adaptively subdividing
the cosine range until the actual angular function (see SIG) is represented by
linear interpolation to within a specified tolerance. The integral under this curve
is used in calculating the secondary-energy dependence as described above. Rather

than providing the traditional Legendre coefficients, THERMR divides the angular

range into equally probable cosine bins and then selects the single cosine in each
VII-6
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Figure 3: Neutron distribution for incoherent inelastic scattering from
graphite (T = 300 K).

bin that preserves the average cosine in the bin. These equally probable cosines
can be converted to Legendre coefficients easily when producing group constants,
and they are suitable for direct use in Monte Carlo codes. For strongly peaked
functions, such as scattering for E>>kT when the result begins to look “elastic”,
all the discrete angles will be bunched together near the scattering angle defined by
ordinary kinematics. This behavior cannot be obtained with ordinary P3 Legendre
coefficients. Conversely, if such angles are converted to Legendre form, very high
orders can be used. If a direct calculation of Legendre components is desired,
reverse the sign of NNL in CALCEM,

The incident energy grid is currently stored directly in the code (see EGRID
in CALCEM). The choice of grid for '"°(E) is not critical since the cross section
is a slowly varying function of E. However, the energy grid would seem to be
important for the emission spectra. In order to demonstrate the problem, two
perspective plots of the full energy distribution of incoherent inelastic scattering
from graphite at 300 K are shown in Figs. 3 and 4. The second plot is simply an
expansion of the high-energy region of the distribution.
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Figure 4: Expanded view of the high-energy region of the graphite in-
coherent inelastic distribution.
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It is clear that ¢™°(E, E') for one value of E' is a very strongly energy-
dependent function for the higher incident energies. However, as shown in Fig. 4,
the shape of the secondary energy distribution changes more slowly, with the peak
tending to follow the line E'=FE. This behavior implies that a relatively coarse
incident energy grid might prove adequate if a suitable method is used to inter-
polate between the shapes at adjacent E values. One such interpolation scheme
is implemented in GROUPR. The use of discrete angles is especially suitable for
this interpolation scheme.

Strictly speaking, the scattering law for free-gas scattering given in Eq. (10) is
only applicable to scatterers with no internal structure. However, many materials
of interest in reactor physics have strong scattering resonances in the thermal range
(for example, 2°Pu and !3°Xe). The Doppler broadened elastic cross section
produced by BROADR is formally correct for a gas of resonant scatterers, but
the cross section resulting from Eq. (10) is not. In order to allow for resonance
scattering in a way that at least provides the correct total cross section, THERMR
renormalizes the free-atom scattering to the broadened elastic cross section. The
secondary energy distribution will still be incorrect.

C. Incoherent Elastic Scattering

In hydrogenous solids, there is an elastic (no energy loss) component of scat-
tering arising from the zero-phonon term that can be treated in the incoherent
approximation because of the large incoherent cross section of hydrogen. The
ENDF term for this process is incoherent elastic scattering, and it is found in the
materials polyethylene and zirconium hydride. The differential cross section is
given by

U(E, B',p) = Ze WE-W §(E - B') , (12)

where o3 is the characteristic bound cross section and W is the Debye-Waller
coefficient. The energy grid of the elastic cross section is used for E, and the

average cross section and equally probable angles are computed using

el _o 1 — e—4WE

and

N - —p
m [e WEQ “')(2WE[lg - 1)

_ e—2WE(l—#.'-1)(2WE”‘._1 — 1)] J(1—e*WE) | (14)
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where
1 1-— e—4WE

pi=1+mrin 5+ e 2WE(I-siz1) (15)

is the upper limit of one equal probability bin and j; is the selected discrete cosine
in this bin. Here N is the number of bins and po is —1.

The characteristic bound cross sections and the Debye-Waller coefficients can
be read from MF7/MT2 of an ENDF-6 format evaluation, or obtained directly
from data statements in the code for the older format.

D. Coding Details

The THERMR procedure begins with the reading of the user’s input. The required
ENDF tape (NENDF) is only used for MF7 data; it can be set to zero if only free-gas
scattering is needed. Similarly, MATDE is the material number for the File 7 tape
and can be set to zero for free-atom problems. The ENDF File 7 format only
gives “Mo 00", the product of the free scattering cross section for the principal
scatterer and the number of principal scatterer atoms in the molecule. As a result,
THERMR needs the parameter NATOM to obtain the effective microscopic cross
section (for example, for H in H20, use NATOM=2). For ENDF/B-III format files,
default parameters are supplied for mixed moderators (BeO and benzine) and
effective temperatures, if needed.

Continuing, THERMR finds the desired material on the input PENDF and ENDF
tapes. It will automatically loop over NTEMP materials on NIN. The input tape must
have been through BROADR. The elastic cross section at the current tempera-
ture is saved on a LOADA/FINDA scratch file to be used for normalizing free-atom
scattering if necessary. For ENDF-6 format materials, the parameters for the elas-
tic calculation are read in using RDELAS. Next, THERMR computes elastic and/or
inelastic cross sections by calls to COH, IEL, and CALCEM. Finally, the results are
written onto the output PENDF tape by TPEND.

Some alteration of ENDF/B formats and conventions was required to accom-
modate thermal cross sections. The incoherent inelastic cross sections fit well
into MF=3 using MT=MTREF (see user input). The coherent or incoherent elastic
cross section (if present) uses MTREF+1. Other modules of NJOY expect that ther-
mal MT numbers will be between 221 and 250. The incoherent energy-to-energy
matrix is stored in MF6 (coupled angle-energy distributions). Before the intro-
duction of the ENDF-6 format, the ENDF File 6 formats were not well-suited to
this application because secondary angle and energy were not tightly coupled as
required by the physics of the problem. Therefore, three new formats were defined
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. for File 6: LTT=5 for discrete-angle inelastic transfer cross sections, LTT=6 for
discrete-angle elastic data, and LTT=7 for coherent elastic reactions.

The format for LTT=5 follows in the notation of ENDF-1021:

MAT,6,MT [ ZA, AWR, O, LTT, O, O ] CONT LTT=5
MAT,6,MT [ T, 0., O, 1, NNE / NNE, 2 ] TAB2
MAT,6,MT [ 0., EN, O, O, NEP*(NL+1), NL+1 /
EP(1), PP(1), EPM(1,1), ...
EP(2), PP(2), ... ] LIST
. repeat the LIST for the NNE values of EN ...
MaT,6,0 [ 0., 0., 0, O, 0, O ] SEND

There is a list record for each of the NNE values of incident energy. Each list
record gives the normalized secondary energy distribution as NEP value of PP vs.
E’, and for each value of E’, the record gives NL equally probable cosines EPM.

Similarly, the format for LTT=6 is as follows:

MAT,6,MT [ ZA, AWR, O, LTIT, O, O ] CONT LTT=6
‘ MAT,6,MT [ T, 0., 0, 1, NNE / NNE, 2 ] TAB2
MAT,6,MT [ 0., EN, O, O, NU+2, NU+2 /
EN, 1., U(1), U(2), ... ] LIST
. repeat the LIST for the NNE values of EN ...
MAT,6,0 [ 0., 0., 0, O, O, O ] SEND

Here, there is just a set of NU equally probable cosines given for each incident
energy. Note that this format was designed to look like that for LTT=5 with
NEP=1.

Finally, the format for LTT=7 is as follows:

MAT,6,MT [ ZA, AWR, O, LTT, O, O ] CONT LTT=7
MAT,6,MT [ O,, 0., O, O, O, NBRAGG ] CONT
MAT,6,0 [ 0., 0., 0, 0, O, O] SEND

In this case, all the important information is in File 3 under MT=MTREF+1. For
convenience, the number of Bragg edges used is given here in File 6 as NBRAGG.

In subroutine COH, the energy grid is determined adaptively and stored into
. the same LOADA/FINDA scratch file used for the elastic cross section. The elastic
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cross section is converted to the coherent grid using Lagrangian interpolation (see
TERP). The structure of the record stored on the scratch file is

[energy / static elastic / incoherent inelastic / coherent elastic].

Coherent cross sections at a given energy E are computed by SIGCOH. If this
is the first entry (E=0) for an ENDF-III type material, the appropriate lattice
constants are selected and the Debye-Waller coefficient is obtained for the desired
temperature by interpolation. Then the reciprocal lattice wave vectors and struc-
ture factors are computed, sorted into shells, and stored for later use. On a normal
entry (E>0), the stored list is used to compute the cross section. For ENDF-6
format materials, the initialization step is used to organize the data already read
from MF7/MT2 by RDELAS, and subsequent entries are used to compute the cross

section.

Incoherent elastic cross sections are computed in subroutine IEL. The appropri-
ate bound cross sections and Debye-Waller coefficients are either extracted from
the data already read from an ENDF-6 format MF7/MT2 by RDELAS, or they
are extracted from data statements in IEL and then adjusted to the specified
temperature using TERP or TERPA. The angle-integrated cross section is computed
analytically on the grid of the static elastic cross section and written back onto
the LOADA/FINDA scratch file in the same slot used for coherent elastic as described
above (both never occur simultaneously in the same material). The discrete equally
probable cosines are cast into LTT=7 format and written onto a scratch tape for
use by TPEND.

Incoherent cross sections and matrices are generated in CALCEM. On the first
entry, the ENDF/B scattering law is read in or parameters are set for free-atom
scattering. For ENDF-6 files, the effective temperatures for the SCT approxima-
tion are read in. For the older formats, these numbers were either read in or set to
default values during the user input process. On subsequent entries, the adaptive
loop to determine the secondary energy grid is carried out. The required cross
sections and discrete cosines are returned by SIGL, which uses SIG to compute the
differential cross sections. Because the spectrum curve will have discontinuities in
slope at energies corresponding to the break points of the 8 grid, it is important to
use these energies as the starting points for the adaptive reconstruction. The first
panel starts at E/ = 0 and ends at the first energy greater than zero that can be
derived from the 3 grid. This will normally be a negative 8 value corresponding
to E'<E. These two energies and their corresponding cross sections are loaded
into an inverted stack like the one used in RECONR. Next, the top interval in the

stack is divided in half, and new cross sections are computed at this midpoint. If
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the new cross section is not within the desired tolerance of the value obtained by
linear interpolation between the adjacent points, the new value is inserted into the
stack. Otherwise, the top value in the stack is converged and can be saved to the
location where the spectrum is accumulating. Each time the stack gets down to a
single element, a new point is calculated from the next 8 value in the evaluator’s 8
grid, and the subdivision process is continued. During this reconstruction process,
the integrated cross section is computed by adding in each trapezoid. In addition,
note is taken of the last nonzero cross section value in order to remove excess zero
values from the end of the record. The o vs. E’ curve is complete when the 3 grid
has been exhausted (the highest positive value). The result is put directly into the
modified MF=6 format and written onto a scratch file.

When all the desired incident energies have been processed, the incoherent
cross section is calculated on the File 3 energy grid by interpolating in the table
of values computed by the reconstruction process. The results are stored on the
LOADA/FINDA tape. If free-atom scattering has been selected, the elastic cross
section is stored in the incoherent slot.

Incoherent inelastic scattering cross sections and discrete cosines are computed
in SIGL. The stack for the adaptive reconstruction of the angular distribution for a
given E— E' is primed with g=—1, u=+1, and the angle for static scattering. The
top interval on the stack is subdivided by halving until the actual cross section
computed by SIG is within a specified tolerance of a linear interpolate. As each
panel is converged, its area is added to the accumulating cross section. On con-
vergence, the fraction of the cross section corresponding to each equally probable
bin is computed, and the linearization process is repeated to find the bin bound-
aries and discrete cosines. Note that Legendre coefficients can be computed in this

routine from the discrete cosines.

Subroutine SIG is used to compute the actual double-differential cross section
for a given value of E, E’, and p. This is done using S(a, ) (with the possible
use of the SCT approximation for large values of a or ), or using the free-gas
scattering law. Normally, s(a, 8) is symmetrical in 8 and results are extracted
from the table at ISAB using |3|. However, this is not true for materials like
orthohydrogen and parahydrogen. In these cases, the LASYM parameter is set,
and explicit S(e, 3) values are given for both negative and positive 3. For liquids,
the presence of diffusion leads to a singularity for 8 = 0 and small « (the quasi-
elastic scattering peak). The normal ENDF interpolation laws do not represent
S(a, B) well in this region. Therefore, THERMR tries to determine if the material
is a liquid by looking at the small-a behavior of the 8 = 0 curve (see CLIQ). It
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then extrapolates low-83 curves to low-a values using a 2/a law.

Finally, TPEND is called to prepare the output tape. The File 1 directory is
updated to account for the new sections that are being added. File 3 is located and
the cross sections stored on the LOADA/FINDA scratch file are retrieved, formatted,
and written to the output tape. Note that the elastic cross section in MT=2 and
the total cross section in MT=1 are not changed from their static values, nor is the
union grid updated. As a result, MT=221-250 must be considered supplemental.
Subsequent modules could ignore them or use them in place of the static values.
Also note that it is possible to run THERMR several times with different values of
MTREF. The result would be one PENDF tape containing static cross sections and
cross sections for several different binding states that can be selected at will (for
example, MT?2 for static hydrogen, MT221 for free hydrogen, MT222 for hydrogen
in water, and MT223 and MT224 for hydrogen in polyethylene, all on one PENDF
tape).

File 6 matrices are read from a scratch tape (NSCR) in ENDF format, normal-
ized, and written back onto the final tape. Since free incoherent scattering was set
equal to elastic scattering in CALCEM, the approximate resonance correction of the

matrix is now complete.

E. Using the ENDF/B-III Thermal Data Files

The thermal data files originally prepared for ENDF/B-III were also used for
ENDF/B-IV and ENDF/B-V.* Table 1 summarizes the contents of these data
tapes.

For most of these evaluations, THERMR will produce cross sections appro-
priate for the major scattering atom bound in a particular material, for example,
hydrogen bound in water, or Zr bound in ZrH. In these cases, the cross sections are
combined later (for example, hydrogen bound in water would be combined with
free-gas oxygen, and Zr bound in ZrH would be combined with H bound in ZrH).
The treatment to be used for the secondary scattering atoms for each evaluation

is indicated in the table.

In two cases—BeO and Benzine—the scattering laws S(a, 8) for the two compo-
nent atoms have been combined into a single scattering law normalized to be used
with the cross section of the primary scattering atom. For these cases, THERMR
produces a cross section for the molecule or compound directly. In making a

*The data files and the reference manual?® are available from the National Nuclear Data Center,
Brookhaven National Laboratory, Upton, NY 11973. Request Tapes 320 through 325 and report
ENDF-269.
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Table 1: Moderator Materials on the ENDF/B-III Thermal Data Files
Showing Their MAT Numbers and Distribution Tape Numbers

Material MAT Tape MTs . elastic secondary
Be 1064 321 231,232  coh

BeO 1099 321 233,234 coh  none
C(graphite) 1065 322 229,230 coh
C(polyethylene) 1114 322 223 iel free C
CeHg 1095 325 227 none
D(D;0) 1004 320 228 free O
H(H,0) 1002 320 222 free O
Zr(ZrH,) 1096 323 235,236  iel 1097
H(ZrH,) 1097 323 225,226 iel 1096

macroscopic cross section for BeQ, the user would multiply the thermal BeO cross
section from THERMR by the atomic density of Be, taking care not to add any
additional thermal contribution for the oxygen.

THERMR labels the thermal cross sections that it generates with specially
defined MT numbers. The particular numbers shown in the table are recognized
by the reaction naming logic in MATXSR. Note that two numbers are defined for
materials that have both inelastic and elastic components; the first number is for

inelastic, and the second for elastic.

F. Input Instructions

The following input instructions have been copied from the comment cards in
THERMR:

*~——INPUT SPECIFICATIONS (FREE FORMAT) *
* *
* CARD 1 *
* NENDF ENDF/B TAPE FOR MF7 DATA *
* NIN OLD PENDF TAPE *
* ROUT NEW PENDF TAPE *
* CARD 2 *
* MATDE MATERIAL DESIRED ON ENDF TAPE *
* MATDP MATERIAL DESIRED ON PENDF TAPE *
* NBIN NUMBER OF EQUI-PROBABLE ANGLES *
* NTEMP NUMBER OF TEMPERATURES *
* IINC INELASTIC OPTIONS *
* 0 NONE *
* 1 COMPUTE AS FREE GAS *
* 2 RESERVED *
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3 RESERVED
4 READ S(A,B) AND COMPUTE MATRIX
ICOH ELASTIC OPTIONS
0 NONE
1 GRAPHITE
2 BERYLLIUM
3 BERYLLIUM OXIDE
11 POLYETHYLENE
12 H(ZRH)
13 ZR(ZRH)
NATOM NUMBER OF PRINCIPAL ATOMS
MTREF MT FOR INELASTIC REACTION (201-250 ONLY)
IPRINT PRINT OPTION (O=MINIMUM, 1=MAXIMUM,
2=MAX. NORMAL + INTERMEDIATE RESULTS)
(DEFAULT=0)

CARD 3
TEMPR TEMPERATURES (KELVIN)
CARD 4
TOL TOLERANCE
EMAX MAXIMUM ENERGY FOR THERMAL TREATMENT
(FOR TEMPERATURES GREATER THAN 3000,
EMAX AND THE ENERGY GRID ARE SCALED BY
TEMP/300. FREE GAS ONLY.)

IR SR IR NI CJEE IR I I R SR EE R R B R NN K B K R R
* B BB RREREREEERRRERREREREREERERES

wkkgkkkkkkkkkkkkkkkkkkkkkkkkkkkkhrkkkbkkkkkkkEekkkkkkkkpkkkbkkkkk

The following sample problem illustrates the production of thermal cross sec- .
tions for hydrogen in water.

0

5

THERMR

20 21 22 /

1002 1301 81 4 0 2 222 0
300.

.01 4.6

STOP

It is assumed that ENDF/B Tape 320 is mounted on unit 20, and that a
previously prepared PENDF tape for 'H (MAT1301) is mounted on unit 21. The
thermal cross sections for hydrogen in water will be written on unit 24 using
MTREF=222. Note that the parameter NATOM is set to 2 because the water molecule
H20 contains two hydrogen atoms. In addition, ICOL=0 for hydrogen in water. The
higher-energy parts of the neutron emission curves for this example are shown in
Fig. 5. The sharp peak at E=FE' is quasi-elastic scattering broadened by diffusion.

A calculation of both free and graphite cross sections for ENDF/B-V carbon
would go as follows:
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Figure 5: Expanded view of the high-energy region of the incoher-
ent inelastic distribution for hydrogen bound in water. Note the sharp
quasi-elastic peak at E=E’. The slightly ragged representation of the
peak is caused by excessive thinning in PLOTR.
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0

5

RECONR

20 22 / TAPE20 IS ENDF/B-V TAPE 511
/

1306 1/

.0058/

*6-C-NAT FROM TAPE 511/
o/

BROADR

22 23

1306 1/

.006/

300.

o/

THERMR

0 23 24

01306 811012210
300.

.01 1.2

THERMR

26 24 25 / TAPE26 IS ENDF/B TAPE 322
1065 1306 8 1 41 1 2290 0
300.

.01 1.2

STOP

First, ENDF/B-V Tape 511 must be mounted on unit 20. At Los Alamos,
this is done by copying it to a file named TAPE20 in the user’s local file space.
Similarly, ENDF/B Tape 322 must be copied to TAPE26. Next, RECONR is run
to linearize the evaluation, and BROADR is run to prepare 300 K cross sections.
The first THERMR run is for free-gas scattering (MTREF=221), and the second run
is for carbon bound in graphite (MTREF=229). Note that NATOM is now 1, and that
8 discrete angles were requested in both cases. For graphite, ICOH is set to 1 in
order to request the calculation of coherent elastic scattering like that shown in
Fig. 1. The coherent results will use MF=3 and MT=230. Distributions will be
calculated to 1% accuracy for energies up to 1.2 eV. The final PENDF tape will
be TAPE2S5.

G. Error Messages
ERROR IN THERMR#*%*NIN=0
An input PENDF tape is required.

ERROR IN THERMR#**MGDE CONVERSION NOT ALLOWED
NIN and NOUT must both be binary or both be coded.

ERROR IN THERMR#**ILLEGAL REFERENCE MT ‘
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Restricted to MT=201-250.

ERROR IN THERMR***DESIRED MATERIAL NOT ON PENDF TAPE
Check input instructions against contents of thermal tape.

ERROR IN THERMR***DESIRED TEMPERATURE NOT ON TAPE

Check input instructions against contents of thermal tape.
ERROR IN THERMR***IINC=2 NOT PROGRAMMED

ERROR IN THERMR**%IINC=3 NOT PROGRAMMED
These were intended for future options.

ERROR IN RDELAS***DESIRED TEMP NOT FOUND

The temperatures requested in THERMR must be the same as the temper-
atures on the input PENDF tape.

ERROR IN COH***TOO MANY LEGENDRE ORDERS

The code currently computes only Pg, but NL=1 in COH can be changed if
desired. Code is currently limited to 6 (Ps). If more coefficients are desired,
increase NLMAX and the dimensions of the variables S, EJ, and EX in COH,
CALCEM, and TPEND.

ERROR IN SIGCOH***STORAGE EXCEEDED
Not enough room for lattice factors. Increase /TSTORE/ and NAMAX in THERMR.

ERROR IN SIGCOH***ILLEGAL LAT

Only three lattices are coded so far. To add others, insert the constants in
SIGCOH and form factor formulas in FORM.

ERROR IN IEL***UNKNOWN MATERIAL IDENTIFIER

Ouly three options are coded so far. To add others, insert data statements
for the Debye-Waller integrals and values for the bound cross sections.

ERROR IN CALCEM#*xNL TOO LARGE FOR BINNING
Increase NLMAX (now 17) and the dimensions of Y and YT.

ERROR IN CALCEM**xx*STORAGE EXCEEDED

Increase NWSCR in THERMR. This may cause a STORAG error that requires
/TSTORE/ and NAMAX to be increased as well.

ERROR IN CALCEM**xDESTRED TEMPERATURE NOT FQOUND
Any temperature requested in THERMR must be on the input PENDF tape.

ERROR IN CALCEM***0ONLY 2 SCT ATOMS ALLOWED

For mixed moderators, such as BeO and Benzine, the SCT contribution from
each atom must be included. The code only allows for 2.

ERROR IS SIG#**ILLEGAL OPTION
Only tabulated S(a,3) and free gas are coded at this time.

ERROR IN SIGL***NO LEGAL SOLUTION
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MESSAGE FROM SIGL***DISC=-ffff, SET TO ABS VALUE....
ERROR IN SIGL***NO LEGAL SOLUTION (QUADRATIC PATH)

The code has trouble solving the equation for the boundary of a bin.

ERROR IN TPEND**x%DID NOT FIND TEMP ON NIN

Temperatures requested for THERMR are not consistent with those on the
input PENDF tape.

ERROR IN TPEND***STORAGE EXCEEDED
Increase NWSCR in THERMR.

ERROR IN TPEND*%%CROSS SECTION = O
Thermal cross section of zero cannot be used to normalize the distribution.

H. Input/Output Units

The following logical units are used.

10/11 IOLD/INEW in THERMR. Also used in COH, READEM, CALCEM, and TPEND.
Used for the LOADA/FINDA scratch file that saves the energy grid and
reaction cross sections.

12  NSCR in THERMR. Also used in CALCEM and TPEND. Contains the scatter-
ing matrix before normalization.

13 NSCR2 in THERMR and TPEND. Contains data from NIN that are to be
simply copied to NOUT.

20-99  User’s choice for NENDF, NIN, NOUT, and NREAD (IINC=2 only) to link
with other modules. No mode conversion between NIN and NOUT al-
lowed.

Units 10 and 11 are always binary. Units 12 and 13 have the same mode as NIN
and NOUT. The user can choose the modes for NENDF, NIN, NOUT, except NIN and
NOUT must have the same mode.

I. Storage Allocation

The storage allocated in THERMR is for the LOADA/FINDA buffers and a scratch
array. The value of NBUF my be changed at will; larger values increase I/O ef-
ficiency. The variable NWSCR controls the maximum size of the TAB1 records of
o(E — E') versus E’ for incoherent scattering. Hence it interacts with TOL. The
linearization stack (STK) in COH is controlled by IMAX and the number of Legendre
components requested (always 1 in the standard version). The current value of
IMAX (20) is sufficient to divide each panel into parts as small as one-millionth of
the panel size. The length of the list of lattice factors (FL) in SIGCOH is controlled
by the size of the ENDF/B File 7, and /TSTORE/ must be big enough for the
problem.
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VIII. GROUPR

GROUPR produces self-shielded multigroup cross sections, anisotropic group-
to-group scattering matrices, and anisotropic photon production matrices for neu-
trons from ENDF/B-IV, V, or VI evaluated nuclear data. With ENDF-6 format
files, incoming and outgoing charged particles can also be handled. Special fea-
tures are provided for ratio quantities (for example, [, 7, or photon yield), inverse
velocity, delayed neutron spectra by time group, and anisotropic thermal neutron
scattering. Fission is represented as a group-to-group matrix for full generality.
Scattering matrices and photon production matrices may be self-shielded if desired.

The Bondarenko narrow-resonance weighting scheme! is usually used. Op-
tionally, a weighting flux can be computed for various mixtures of heavy absorbers
with light moderators. An accurate pointwise solution of the integral slowing down
equation is used. This option is normally called on to account for intermediate
resonance effects in the epithermal range.

Neutron data and photon-production data are processed in a parallel manner
using the same weight function and quadrature scheme. This helps to assure con-
sistent cross sections for coupled neutron-photon problems. Two-body scattering is
computed with a center-of-mass (CM) Gaussian quadrature, which gives accurate
results even for small Legendre components of the group-to-group matrix.

User conveniences include free-form input and complete control over which
reactions are processed. The neutron group structure, photon group structure, and
weight function can each be read in or set to one of the internal options. Qutput
can be printed and/or written to an output “groupwise-ENDF” (GENDF) file for
further processing by a formatting module (DTFR, CCCCR, MATXSR), by the
covariance module (ERRORR), or by the MCNP continuous-energy Monte Carlo
module (ACER).

This chapter describes GROUPR in version 91.91.

A. Multigroup Constants

Multigroup constants are normally used by computer codes that calculate the
distributions of neutrons and/or photons in space and energy, and that compute
various responses to these distributions, such as criticality, dose to personnel, or

activation of materials. These distributions are solutions of the neutral particle
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transport equation.*

I‘%‘ﬁ(z’/‘aE) + 0;(3,E)¢($,[l,E)
= / o’ / dE' ox(z, E'—E, '— Q) é(z, o', E')
+ Q(z,u,FE), (1

where the flux ¢ is allowed to vary with position z, direction £ with polar cosine
i, and energy E. Similarly, the macroscopic total cross section o, varies with
position and energy. The right-hand side of the equation contains the source
due to transfers from other directions Q' and energies E' (as described by the
macroscopic transfer cross section ox), and a fixed or external source Q.

The macroscopic cross sections (in units of cm=1) in Eq. (1) can be calculated
from microscopic cross sections for the component isotopes or elements (in barns)
using

oi(z,E) = Z:p,-(a:) oi(T[z), E), (2)

lem=—1), which may

where p; is the number density for a constituent (in barns~
vary with position, and T is the temperature, which may also vary with position.

A similar formula holds for ox.

The transfer cross section ox (which includes both scattering and fission pro-
cesses) is normally assumed to depend only on the cosine of the scattering angle,
o = § - Q. This allows ox to be expanded using Legendre polynomials

[+
Ux(x,E'ﬂE,ﬂ'—vﬂ) = Z 2£+ 1

=0

oxe(z, E'>E) P(po) . 3)

Application of the addition theorem and integration over azimuthal angle then

gives
u%:ﬁ(z,u, E) + Ut(z’E) ¢($,ﬂ,E)
= Y 2!;— ng(u)/axg(:c, E'-E)¢yz,E")dE'
£=0
+ Q(z,n,E), (4)
where
#(z,E) = [ Pp) ¢(a,p, E)du (®)

*The following development uses a notation based on Bell and Glasstonez, where the lower-
case sigma is used for both macroscopic and microscopic cross sections, depending on the context.
One-dimensional slab geometry is used throughout for simplicity.
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The desired responses are then given by

R(z) = / o+(z, E) ¢o(z, E) dE , (6)

where o, is the reaction cross section for the response. The next step is to integrate

Eqgs. (4) and (6) over a range of energies chosen to lie in group g. The results are

by + 3R ouy(e) b5(2)

£=0

= f:%; lPe(#)detg'—m(z) beg'(z) + Q2o 1), (7)

£=0
and
R(z) = z Frg(T) Pog(z) , (8)
where
4u(@) = [ ¢ulz, B)E, (9)
/ oi(z, E) ¢z, E)dE
Oug(z) = =2 ; (10)
/y ée(z, E)dE
/ or(z,E) ¢o(z,E)dE
o.(z) = =2 (11)
/9 bo(z, E) dE
and

/ dE / dE' oxo(z, E'—~E) o(z, E)
g g

/g éu(z, E)dE

(12)

OXtg'—g =

The last three equations provide the fundamental definitions for the multigroup
cross sections and the group-to-group matrix. Note that the values of the group
constants depend upon the basic energy-dependent cross sections obtained from
ENDF/B by way of the RECONR, BROADR, UNRESR, HEATR, and THERMR
modules of NJOY, and the shape of ¢ within the group.

B. Group Ordering

Since neutrons normally lose energy in scattering, the scattering source into
group g depends on the flux at higher-energy groups ¢’ and the cross section for
transferring neutrons from ¢’ to g. For this reason, Eq. (7) is usually solved by
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sweeping from high energies to low energies. (Any thermal upscatter or fission is
handled by iteration.) Data libraries for use with transport codes normally number
the groups such that group 1 is the highest-energy group, and all the scattering
matrix elements that transfer neutrons into group 1 are given first, followed by

those for scattering into group 2, and so on.

However, in ENDF/B the evaluated nuclear data are always given in order of
increasing incident energy, and secondary neutron distributions are described by
giving emission spectra for given incident energies. Therefore, GROUPR numbers
its groups such that group 1 is the lowest-energy group, and it calculates that

scattering out of group 1, followed by the scattering out of group 2, and so on.

The “backward” energy-group numbering convention used by GROUPR is a
possible source of confusion in interpreting output produced by the various modules
of NJOY. All group indices printed by GROUPR or written to the GROUPR
output file use the increasing-energy order. The covariance modules and photon
interaction module follow the GROUPR ordering convention. Output modules
such as DTFR, CCCCR, and MATXSR invert the group order and rearrange the
scattering matrices from the GROUPR outscatter organization to the “transport”
inscatter form. Any group indices printed by these three output modules will be
in the conventional transport decreasing-energy order.

C. Basic ENDF/B Cross Sections

The basic energy-dependent cross sections and energy-angle distributions needed
for Egs. (10), (11), and (12) are obtained from evaluated nuclear data in ENDF/B
format3: 4. These data are indexed by material (MAT), type of information (MF),
and reaction (MT). Materials can be single isotopes, elements, or compounds.
Type of information includes energy-dependent cross section (MF=3), angular
distributions (MF=4), secondary energy distributions (MF=5), and energy-angle
distributions (MF=6). Reactions include the total (MT=1) required for Eq. (10),
the partial scattering reactions that must be summed for Eq. (12) [that is, elas-
tic (MT=2), discrete-level inelastic (MT=51-90), (n,2n) (MT=16), etc.], and the
many partial reactions that can be used to calculate responses [for example, (n,2n)
or (n,a) for activation, gas production, heat production (KERMA), radiation dam-
age (DPA), etc.]. |

Before using GROUPR, the basic ENDF/B cross sections should have been con-
verted into energy- and temperature-dependent pointwise cross sections in PENDF
(pointwise ENDF') format using RECONR and BROADR. For heavy isotopes, un-
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Figure 1: A comparison of the pointwise and multigroup representations
for the total cross section of Li-7. The Los Alamos 30-group structure is
shown.

resolved self-shielding data should have been added to the PENDF tape* using
UNRESR. If needed, heat production cross sections (KERMA), radiation damage
production (or DPA), and thermal upscatter data could have also been added to
the PENDF tape using HEATR and THERMR. See the chapters on these other
modules for more information.

The detailed methods used for evaluating Eqgs. (10), (11), and (12) from ENDF
and PENDF tapes are given below (see Sections VIIL.K, VIIL.L, and VIILN). An
example of an ENDF/B pointwise cross section compared with group-averaged
cross sections from GROUPR is given in Fig. 1.

D. Weighting Flux

In general, the weighting flux ¢ is not known; it is, after all, the particle
distribution being sought in the transport calculation. However, it is often possible
to obtain fairly accurate group constants for a particular application if the shape
of the flux is reasonably well known over the broad energy ranges of a particular
few-group structure (for example, a fission spectrum, thermal Maxwellian, or 1/E
slowing-down spectrum). Alternatively, one can use many small groups so that

mistakes in guessing the shape inside the group are not very important. The key

*The term “tape” is used loosely in this report to refer to any input or output file. Of course,
such files would usually be on disk storage in a modern system.
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to using the multigroup method effectively is balancing the tradeoffs between the
choice of weight function and the number of groups used for each different class of

problem being solved.

In many cases of practical interest, the flux ¢ will contain dips correspond-
ing to the absorption resonances of the various materials. In the reaction rate
o(E) x ¢(E), these dips clearly reduce (self-shield) the effect of the corresponding
resonance. GROUPR provides two methods to estimate the effect of this self-
shielding: the Bondarenko model and the flux calculator.

In the Bondarenko modell, the narrow resonance (NR) approximation, and

2

the By approximation for large systems“ are invoked to obtain

$u(E) = E‘%’f’r , (13)

where ¢, is the £-th Legendre component of the angular flux, the W (F) are smooth
functions of energy (such as 1/ E+fission), and o,(E) is the total macroscopic cross
section for the material. GROUPR takes all of the W, to be equal to the single
function C(E), where C(F) can be read in or set to one of several internally defined
functions. It is further assumed that the important self-shielding effect of the flux
can be obtained for isotope ¢ by representing all the other isotopes with a constant
“background cross section”, og. Therefore,

where o} is the microscopic total cross section for isotope i. The qualitative be-
havior of Eq. (14) is easy to understand. If op is larger than the tallest peaks in
o1, the weighting flux ¢ is approximately proportional to the smooth weighting
function C(E). This is called infinite dilution; the cross section in the material of
interest has little or no effect on the flux. On the other hand, if oo is small with
respect to oy, the weighting flux will have large dips at the locations of the peaks
in o0y, and a large self-shielding effect will be expected.

Fach component material of a mixture has a different weight function. The
macroscopic total cross sections are given by

Oig = Zpi a:tg(U(';’ T), (15)

VIII-6 GROUPR




where

Titg(00,T) = (16)

I .

———C(FE)dE
/y [oo + a3} (E)
Similar equations are used for or and ox¢—g. On the GROUPR level, ¢ and
T are simply parameters. Subsequent codes, such as 1DX9 or TRANSXG, can
compute an appropriate value for o, and then interpolate in tables of cross section
versus 0p and T to get the desired self-shielded group constants.

The appropriate value for o} is obvious when a single resonance material is
mixed with a moderator material (for example, 233UQ;), because the admixed
materials typically have a constant cross section in the energy range where the
heavy isotopes have resonances. For a mixture of resonance materials, the normal
procedure is to preserve the average of Eq. (14) in each group by using

; 1 L
Ogg = ; ;pj atJOQ(aégaT) ’ (17)
J#

where the p; are atomic densities or atomic fractions. Eq. (17) is solved by it-
eration. Interference between resonances in different materials is handled in an
average sense only.

In the unresolved energy range (see UNRESR), the explicit dependence of cross
section on energy is not known. The integrands are replaced by their expected

values
Oz
/g< [o0 + o¢]tH! >Wl &

02t5(00) = /g ( 1 >W,dE’ (18)

[o0 + o¢]tH!

where the expected values are averages over the distributions of resonance position
and width expected in the vicinity of energy E. The UNRESR module produces
effective self-shielded point cross sections defined by

(02)e = é[‘” +"1;t],+1§ - (19)

[oo + oy]tH?

Substituting Eq. (19) into Eq. (18) gives an equation of the form of Egs. (10)
and (11), except that o is replaced by (o), and the flux is replaced by an average
effective flux. This effective flux can be obtained by manipulating the effective
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total cross section as follows:

(0e)e =
< [o0 + 0¢]¢H1 > ) +1tr¢]‘+1 >

— 0o , (20)

from which

1
1 <m>

<[0'o + 0:]‘+1> - oo+ (o¢), (21)
Eq. (21) defines a recursion relation which can be used to compute the effective
flux to any order

() = T 1 22)

[0 + oe]+1/ ,E(:) oo + (e} (

This equation reduces to Eq. (14) in the resolved range. It is the formula used in
GENFLX to compute ¢¢( E) for the Bondarenko option.

When heterogeneity effects are important, the background cross section method
can be extended as follows. In an infinite system of two regions (fuel and moder-

ator), the neutron balance equations are
Viosds = (1 — Ps)VySs+ PrnVimSm (23)

and
VinOmPm = PfoSf + (1 — Pm)VmSm , (24)

where V; and V;,, are the region volumes, oy and o,, are the corresponding total
macroscopic cross sections, Sy and Sy, are the sources per unit volume in each
region, Py is the probability that a neutron born in the fuel will suffer its next
collision in the moderator, and P,, is the probability that a neutron born in the
moderator will suffer its next collision in the fuel. As usual, use is made of the
reciprocity theorem,

Vios Py = Vimo Py (25)

and the Wigner rational approximation to the fuel escape probability,

Pr= e (26)

where o, is a slowly varying function of energy called the escape cross section, to
obtain an equation for the fuel flux in the form

”;i”‘ + 5. (27)

(07 +0c)ps =
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In the limit where the resonances are narrow with respect to both fuel and modera-
tor scattering, the source terms Sy and S, take on their asymptotic forms of o,/ E
and o,,/F respectively, and this equation becomes equivalent to the Bondarenko

model quoted above with
de

!
oy = , 28
0= (28)
and +
c.+ 0
C(E)y==2—2% 29
(B)= =X (29)

Note that a large escape cross section (a sample that is small relative to the
average distance to collision), corresponds to infinite dilution as discussed above.
To illustrate the general case, consider a neutron traveling through a lump of
uranium oxide with an energy close to a resonance energy. If the neutron scatters
from an oxygen nucleus, it will lose enough energy so that it can not longer react
with the uranium resonance. Similarly, if the neutron escapes from the lump, it can
no longer react with the uranium resonance. The processes of moderator scattering
and escape are equivalent in some way. Comparing Eq. (28) with Eq. (17) gives
an “equivalence principle” that says that a lump of particular dimensions and a
mixture of particular composition will have the same self-shielded cross sections
when the narrow resonance approximation is valid. The effects of material mixing
and escape can simply be added to obtain the effective gg for a lump containing

admixed moderator material. Therefore, Eq. (17) is extended to read

oty = {0+ T pictos(edy T} (30)
pi i
where the escape cross section for simple convex objects (such as plates, spheres,
or cylinders) is given by (4V/S)™!, where V and S are the volume and surface
area of the object, respectively. Many codes that use the background cross section
method modify the escape cross section as defined above to correct for errors in
the Wigner rational approximation (“Bell factor”, “Levine factor”), or to correct
for the interaction between different lumps in the moderating region (“Dancoff

corrections”). These enhancements will not be discussed here.

E. Flux Calculator

This narrow-resonance approach is quite useful for practical fast reactor prob-
lems. However, for nuclear systems sensitive to energies from 1 to 500 eV, there are
many broad- and intermediate-width resonances which cannot be self-shielded with
sufficient accuracy using the Bondarenko approach. The GROUPR flux calculator
is designed for just such problems.
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Consider an infinite homogeneous mixture of two materials and assume isotropic
scattering in the center-of-mass system. The integral slowing-down equation be-

comes

o(E)$(E) = /I;E’“’("_al(ﬂd,(y)w

)E'
oz g,y ’ '
v [ T ) A (31)

Furthermore, assume that material 1 is a pure scatterer with constant cross section

and transform to the oo representation. The integral equation becomes

/ o0 ymyag

[o0 + 012( E)] §(E)

E ( -a )E'
Efoz U,z(E) ! '
+ /E 2y HE)aE (32)

Finally, assume that the moderator (material 1) is light enough so that all the
resonances of material 2 are narrow with respect to scattering from material 1.
This allows the first integral to be approximated by its asymptotic form 1/E.
More generally, the integral is assumed to be a smooth function of E given by
C(E). In this way, material 1 can represent a mixture of other materials just as
in the Bondarenko method. Fission source and thermal upscatter effects can also
be lumped in C(E). The integral equation has now been reduced to

/a '
[00 + 0:(E)| $(E) = C(E) 00 + /E © (;IT(S)')E‘

#(E'YdE' . (33)
This is the simplest problem that can be solved using the flux calculator. The
results still depend on the single parameter op, and they can be used easily by

codes that accept Bondarenko cross sections.

For heterogeneous problems, when the narrow-resonance approximation fails,
both Sy and S, in Eq. (27) will show resonance features. To proceed further with
the solution of this equation, it is necessary to eliminate the moderator flux that
is implicit in S,,. As a sample case, consider a fuel pin immersed in a large region
of water. The fission neutrons appear at high energies, escape from the pin, slow
down in the moderator (giving a 1/E flux), and are absorbed by the resonances
in the pin. In this limit, any dips in the moderator flux caused by resonances
in the fuel are small. On the other hand, in a closely packed lattice, the flux in
the moderator is very similar to the flux in the fuel, and resonance dips in the
moderator flux become very evident. Intermediate cases can be a.pproximat;ed7 by
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. assuming
Om = (l_ﬂ)C(E)+ﬂ¢f ) (34)

where f is a heterogeneity parameter given by

Vo,
VnOm

B= (35)
Note that 3 — 0 gives the isolated rod limit and # — 1 gives the close-packed

lattice limit. This substitution reduces the calculation of the fuel flux to
(oy +0.) ¢y = (1—ﬂ)C(E)0,+Sg , (36)

where Sp is the source term corresponding to a homogeneous mixture of the
fuel isotopes with the isotopes from the moderator region changed by the fac-
tor Bo./om. If the fuel and moderator each consisted of a single isotope and
for isotropic scattering in the center-of-mass system, the integral equation would
become

[0+ 0:(E)]¢4(E) = (1-B)C(E)oo
+ e B 4 (B aE
E  (—amE ™

Ela
. ¥ / fﬁ(_E)_qu(E')dE',

E (1 —ay)E! (37)

where 0¢ is o, divided by the fuel density (units are barns/atom), a, and oy
are the maximum fractional energy change in scattering for the two isotopes, and
0s(E'") is the fuel scattering cross section.

This result has a form parallel to that of Eq. (33), but the solution depends
on the two parameters § and g¢. For any given data set, § must be chosen in
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